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Abstract 
106 MeV /nucleon 40Ca beam and 108 Mev /nucleon 46Ti beam were used to 
bombard Au and C targets. Spin polarization, as well as momentum and angular 
distributions, of the projectile fragments 37K, 39Ca and 43Ti were measured at 
forward angles (} -20). The observed widths of the angular distributions were 
broader than those predicted by the Goldhaber model, which explained the widths 
of the momentum distributions well, for collisions both with Au and C targets. 
For comprehension of the broadening, observation of the nuclear spin 
polarization of the fragments can be the best mean. It determines the sign of the 
scattering angle, since the sign of the polarization depends upon whether positive 
or negative scattering angles dominate in the reaction. Although polarization 
detection is usually difficult for heavy fragments which are short-lived ﾟ-
radioactive nuclei, we made it possible by combining the fragment separator and 
the ß・NMR method , and measured precisely the nuclear spin polarization for the 
first time. 
The observed momentum dependences of the polarization were accounted 
for by a simple projectile fragmentation model. Thus, it can be a g∞d probe to 
determine the sign of the scattering angle. It was concluded from the 
measurement that positive-angle scattering dominates in the case of the Au target 
and negative-angle scattering dominates in the case of the C target. This result 
s廿ongly suggests orbital deflection of the projectile prior to the breakup by the 
Coulomb potential for the Au target and the nuclear potential for the C target. 
Even in the present energy region, these potentials play important role and cause 
the broadening in the angular distributions of the fragments. 
Since polarization has been obtained in heavy projectile-fragments 
through high-energy heavy-ion collisions and the polarization is found to be 
111 
predictable, the present technique has been applied for the measurement of the 
magnetic momen t of 43Ti (Iπ= 7/2-, T1/2 = 0.5 sec). The magnetic moment of 43Ti 
was determined to be IμI = 0.85 (2) nm. It was shown that the observed magnetic 
moment deviated significantly from the Schmidt value for a single particle in J1r = 
7/2・ state but stiIl was between the Schmidt lines, i.e., Iπ= 7/2・ andIπ= 5/2-states, 
respectively. The large deviation was explained fairly well by first-order 
configura tion-mixing. 
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Chapter 1. Introd uction 
1.1 Puzzle regarding the angular distributions of projectile fragments 
Projectile-like heavy products of peripheral heavy-ion collisions, 
namely projectile fragments , in the energy region around 100 MeV /nucleon 
seem to provide important inforrnation for the study of the reaction 
mechanisrn, since the transverse momentum distributions, namely the 
angular distributions, of the projectile fragments are broader than the 
momentum distributions, while a simple fragmentation model predicts 
uniform distributions. The sign of the scattering angle of projectile 
fragments, the definition of which is given in Fig. 2.7, can be an important 
clue for the broadening. Since the polarization of the fragments is the 
observable most sensitive to the sign, polarization phenomena in the 
projectile-fragmentation process were studied. 
(a) The projectile-fragmentation process 
For bombarding energies higher than 100 MeV /nucleon, the de Broglie 
wavelength of each nucleon inside a nucleus (less than 0.4 fm) is much 
srnaller than the each nucleon distance (-1.8 fm). lndividual collisions of 
nucleons that are constituents of the colliding nuclei, rather than the 
macroscopic interaction between the nuclei, thus become important in 
reaction at these energies (WE76). ln this case the velocity of the relative 
motion of colliding nuclei is much larger than the Fermi motion of the 
nucleons inside the nucleus (EF-40 MeV /nucleon, where EF is the Fermi 
energy.). As a result, the overlapping region formed by the target nucleus and 
the projectile nucleus turns into a hot region at the collision and the 
1 
rernainder part of the projectile flies away unaffected to be detected as a 
fragrnent. These two par也 are often called the participant and the spectator, 
respectively. Such a process is called the projectile-fragmentation process. 
Under the participant-spectator picture, it is predicted that the momentum 
and angular distribution of projectile fragments are both described by the 
Goldhaber model, which further assumes the minimal correlations among 
the momenta of nucleons. Thus these momentum distributions are 
determined by the Fermi momenta of the nucleons inside the nucleus 
(G074). 
(b) Broadening of the angular distributions of ragments 
However, for the angular distributions of projectile fragments at 
around 100MeV /nucleon, the observation was quite different from the 
prediction. An experiment using 160 + Al/ Au systems at 20 < e <80 revealed 
that the angular distributions of the fragmen包 are much broader than those 
expected from the Fermi motion only (BI79). For solving the causes of the 
surprising broadening, determination of the sign of scattering angle is 
indispensable, since positive-angle scattering is governed mainly by the 
Coulomb poten tial; on the con廿ary， negative-angle scattering is governed by 
the nuclear potential. 
(c) Deterrnining sign of the scattering angle by an analysis of the angular 
distributions 
Wong and Bibber analyzed the sarne experimental data for the 160 + 
Al/ Au systems at 20 く e< 80 , and introduced the Coulomb final-state 
?teraction in order to explain the Zf dependence of the width of the angular 
distributions; Zf is the atomic number of the fragrnent (\へ(082). (the Coulornb 
2 
final-state interaction is the interaction between protons in the participant 
and the spectator fragment through the Coulomb field.) The Zf dependence 
of the width is sensitive to the sign of the scattering angle. The observed 
charge effect suggested that the type of the scattering is predominantly 
positive-angle scattering for both Au and Al targets. 
Recently, the angular distributions of fragments has been precisely 
remeasured for the same 160 + Al/ Au systems at the same energy at 20 < e <
80 (5188). A detailed examination of the momenturn distributions revealed 
strong energy-dumping at larger angles. Frorn the target mass dependence of 
this energy dumping, it was suggested that the sign of the scattering angle is 
always positive for components outside the grazing angle, regardless of the 
target mass. 
The sign of the sca仕ering angles in the energy region around 100 
MeV /nucleon was thus determined to be positive by an analysis of the 
angular distributions. These results suggest the importance of the Coulomb 
potential for the transverse momenturn of the fragrnents at the present 
energy. However, in the light target, the broadening beyond the classical 
grazing angle can not be explained very well. And their assumption (only the 
participant came from the projectile contributes the Coulomb final-state 
interaction.) was too rough since they cornpletely neglected the participant 
came from the target. Thus, before conclusive statements can be given, other 
direct measurernents are necessary in order to confirm the sign of the 
scattering angle. For such rneasurernents, heavier fragments have 
advantages over lighter fragrnents, since the contribution frorn the Fermi 
momenta, which divert the orbits of the fragrnents, is smaller. 
3 
(d) New observable: spin polarization 
The nuclear spin polarization of the fragments can be the best probe of 
the sign of scattering angle, since the sign of the polarization reflects the 
direction of the orbital angular momentum of the projectile and, thus, 
strongly depends on whether positive or negative scattering angles dominate. 
Although determination of the sign of sca仕ering angle through fragmen t 
polarization is model dependent, it is likely to be the most reliable method 
because of the data compilation in the lower energy regions (SU77) (AS90). 
The model, which is based on the rather simple nature of the polarization 
mechanism, is also well established and reliable for reproducing the 
experimental data. 
It is noted that the qualitative trend in the momentum dependence of 
the fragment polarization could be well explained by a model based on the 
participant-spectator picture. The model assumes that the origin of the 
polarization is the orbital angular momentum left in the spectator fragment 
by a sudden disappearance of the participant nucleons from the incident 
projectile at the instant of the collision. Therefore in the energy region 
around 100 MeV /nucleon, the polarization mechanism is expected to be the 
same. It should, of course, be clarified. Once the mechanism becomes clear, it 
can be the best means for determining the sign of the scattering angle. 
(e) 百四 present study: observation of the polarization of heavier projectile 
fragments 
Heavy-ion accelerator, the Bevalac, at Lawrence Berkeley Laboratory 
can supply heavier projectiles in the energy region higher than 100 
MeV /nucleon with good quality and high intensity. A fragment-separator set 
at Beam line No. 44, which was developed by our group from 1983 (MA89), 
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can be used to separa te and purify projectile fragmen包 in the mass region 
A <50. By using a high-energy heavy-ion beam and the separation technique, 
the polarization of heavy fragments has been studied. 
For heavy fragments which are short-lived ﾟ-radioactive nuclei, 
polarization detection is usually difficult. To measure the polarization 
reliably, Sugimoto (SU65) and Minamisono (MI73) have developed a ﾟ-NMR 
method that is applicable to ﾟ-emitting nuclei. This method has the 
following advantages for measuring the polarization: 
(i) The ground state of a short-lived ﾟ-radioactive nucleus can be 
studied. 
(i) The analyzing power can be as large as 100%. 
(ii) The geometrical asymmetry of the detection system can be 
completely canceled by inverting the nuclear spin using a radioｭ
frequency magnetic field. 
Maintaining the polarization of the heavy nuclei (A-40) during their lifetime 
is crucial for this technique; it is not always easy to find suitable samples. The 
hyperfine interactions were studied for the last twenty years using the ﾟ-
emitter produced by the Van de Graff accelerator at Osaka University. The 
compiled data were indispensable for the present study. 
We combined these techniques, and measured the nuclear spin 
polarization of heavy projectile fragrnents (37K, 39Ca and 43Ti), which are al 
short-lived ﾟ-radioactive nuclei, produced through the 40Ca + Au and the 46Ti 
+ C/ Au collisions near the classical grazing angle (8 -20) at an energy of 
around 100 MeV /nucleon. The observed polarization showed the same trend 
as that observed at much lower energies (10 MeV /nucleon). From the 
momentum dependence of the polarization, we could prove positive-angle 
5 
scattering for an Au target and negative-angle scattering in a C target. The 
results suggest that the orbital deflection of the projectile prior to breakup by 
the Coulomb potential for the Au target and the nuclear potential for the C 
target plays an important role regarding the transverse mornentum of the 
fragments. 
1.2 Application: mirror magnetic moments 
The polarization of projectile fragments can be applied to other 
important fields of studies, for example, such as studies of the non-nucleonic 
degrees of freedom through the n1agnetic moments. Studying the non-
nucleonic degrees of freedom inside a nucleus, such as mesonic and quark 
effects, is one of the most exciting fields in present-day nuclear physics. They 
are studied through the axial-vector coupling-constant in the weak 
interaction (T086), rnagnetic moments of mirror nuclei (MI90), and the 
magnetic mornents of high spin states (YA85). 
Methods to study the non-nucleonic degrees of freedom through the 
magnetic rnornents of rnirror nuclei in A=16:tl and A=40:tl regions have 
been greatly developed during this decade, both experimentally (MI90) and 
theoretically (T083) (AR88). For a complete understanding, an extension of 
this study is very important and crucial. There are two possible directions for 
this extension. One is to study the same shell; the other is to study the next 
closed shell (:t1 nucleon; A=56:t1). 
A study of mirror nuclei in the sd-shell has been carried out vigorously 
(R086) (BR83). However, studies of the magnetic moments of mirror nuclei 
in the f7/2 she l1, which includes the A=56:t1 region, is rare, especially 
regarding experimental work. Indeed, no mirror pairs have been studied, 
6 
except for A=41. The reason why the study is rare is due to the difficulties in 
producing such mirror nuclei with high productivity and in creating 
polarization in such nuclei. Now, however, the sﾏtuation is changing. The 
projectile-fragmentation process in high-energy hea vy-ion collisions provides 
ag∞d tool to produce nuclei far from the line of stability. The polarization 
phenomena of projectile fragments have been well studied at intermediate 
energy (AS90) and higher energy regions, as described in the former section. 
The mechanism can be basically understood in terms of a simple projectile 
fragrnentation model (AS90). We can therefore measure the magnetic 
moment of 43Ti ( 1π= 7/2-, Tl12 = 0.50 sec ) by combining these techniques. 
43Ti constitutes on the A=43 rnirror pair with 43Sc, the magnetic moment of 
which is known. Furthermore, the recent development of a large-scale shellｭ
model for the f7/2 shell makes it possible to calculate the magnetic moment of 
43Ti using the first-order configuration-mixing effect (OG89) (RI91). 
Discussions concerning the non-nucleonic degrees of freedom are expected to 
progress from the pair momen匂.
1.3 Contents of this thesis 
The main purpose of the present 5札ldy was to investigate the reaction 
mechanism in the energy region around 100 MeV /nucleon through 
observations of the fragment polarization. Furthermore, the establishment of 
a technique to provide polarized nuclear-beams and their application to the 
magnetic-moment study are also described in this thesis. Typical aspects of 
the projectile-fragmentation process are described in Chapter 2. The 
principles of the technique used in the present measurements are described in 
Chapter 3. The experimental apparatus, including the fragment separator, are 
7 
introduced in Chapter 4. The results are discussed in Chapter 5. As a future 
study, the measurement of the magnetic moment of 43Ti is described in 
Chapter 6. Conclusions concerning the present study are described in Chapter 
7. 
8 
Chapter 2. Projectile-fragmentation process in high-energy 
heavy-ion collisions 
A participant-spectator picture can be used to qualitatively describe the 
mechanism of the projectile-fragrnentation process in high-energy nucleusｭ
nucleus collisions. Only those constituent nucleons in a projectile nucleus, 
which interact with constituent nucleons in a target nucleus in the 
overlapping region, take part in strong nucleon-nucleon collisions, and they 
are classified as participants. Other nucleons, however, which do not interact 
strongly with other nucleons, fly away unaffected as spectators. These 
spectators, projectile fragments in other words, move at the same speed as 
that of the incident beam (Fig. 2.1). The production cross-sections as well as 
the momentum and angular distributions of the fragments in the process can 
well be explained in terms of the above-mentioned participant-spectator 
picture, as is described the following sections. 
2.1 Production cross-sections of projectile fragments 
Various kinds of nuclei, even those far from the line of stability, can be 
produced with high productivity at the same time through the projectile-
fragmentation process in high-energy heavy-ion collisions, as shown in Fig. 
2.2 (\勾E79).
The typical energy dependences of the cross-sections are shown in 
Table 2.1 (GU83). According to this table, the cross-sections are almost 
unchanged from 100 MeV /nucleon to around 1 GeV /nucleon, except for the 
cross-sections of one-nucleon-removal channels or charge-exchange-reaction 










Fig. 2.2 Production cross sections for the elements observed in the 
fragmentation of 212 MeV Inucleon 48Ca by a Be target. The lines are to guide 


































































Fragme_I!七 'I' arge 七
ZF AF Be (85) 
Be (1050) C(85) C(1050) Ag(85) Ag(1050) 
3 6 20 24.8 32 
27 72 38 
3 7 19 23.4 28 
21.5 74 42 
3 8 1.9 2.4 2.4 2.4 
7 2.8 
4 7 14 17.8 26 19.9 
56 21.6 
4 9 6 11. 6 10 13.9 
25 23.7 
4 10 3.4 5.1 4.3 
6.5 9.4 8.4 
5 8 ユ .2 1. 55 2.4 1.7 4 
1. 78 
5 10 20 28.8 28 
30.4 56 43.1 
5 11 23 50.7 42 
64.5 77 110 
5 12 く 0.2 0.09 0.8 0.1 1.4 
6 9 0.42 く 0.5 0.48 
0.67 
6 10 2 4 4 
4.4 7 7.53 
6 11 27 44.7 43 
44.7 74 78. 1 
6 13 0.2 2.7 
3 
7 12 < 0.2 0.2 0.3 0.05 
0.05 
7 13 0.2 
0.5 
7 14 0.1 
0.3 
Table 2.1 Fragment production cross-sections (mb) in 12C induced reactions at 
85 MeV /nucleon and 1.05 GeV /nucleon. (GU83) 
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region around 100 MeV /nucleon are larger than those in the relativistic 
energy region.) The constant character in the cross-sections between 100 
MeV /nuc1eon and 1 GeV /nuc1eon is one piece of evidence that the projectileｭ
fragmentation process is dominant above 100 MeV /nucleon. 
The production cross-sections of the fragrnents can be well reproduced 
using the abrasion-ablation model (HU75). It is based on the following very 
simple idea: when two relativistic heavy-ions pass each other so closely that a 
part of their volumes overlap, the overlapping volume is either sheared 
away or scrapped off ("abrasion"). After abrasion, the projectile is in an 
excited state and looses energy by emi壮ing one or several particles 
("ablation"). H?ner et al. established a connection between the classical and 
macroscopic treatments of the abrasion-ablation process, and a quantum 
mechanical and microscopic multiple-scattering theory, such as. the Glauber's 
multiple-scattering theory (GL59). According to their treatment, the 
expression of the cross-section for abrasion of n out of N neutrons and z out 
of 2 protons from the projectile nucleus is given as 
IN¥/2¥ 
O"nzCb) = [-n. )[; 1 [ 1-P(b) ]n+z p(b)A-n-z , (2.1) 
IN¥ 12¥ 
where I 戸 Iand I zI arebinomial coefficie凶， b isthe impact pararneter and 
P(b) is the probability function at the irnpact pararneter b, defined as fol1ows: 
+00 
P(b) = f d2s dz pp( s I z) の(p[-AT 洲町t f py{s-b I z I ) dz' ] . (2.2) 
Here AT isthe target rnass-nurnber and aNNTot is the total nucleon-nucleon 
cross-section averaged over the isospin; the p's are the single-particle 
densities. The integral is essentially the overlap of the projectile and target 
densities when they pass at a distance of b frorn each other. In order to obtain 
the total abrasion cross-section， σnlb) is integrated over b, 
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O"nz = f σnz(b) 2π b db (2.3) 
In order to obtain more precise cross-sections, we should consider the 
final-state interaction. Abrasion rneans that a nucleon from the projectile ion 
is hit by a target nucleon, and is "knocked out" of its bound orbit. The struck 
nucleon may break up the remaining fragment. This effect is called the finalｭ
state interaction (FSI). The escape probability of one struck nucleon should be 
50%, since it would be ejected isotoropically from the projectile. FSI therefore 
reduces the abrasion cross-section for a system in which one nucleon is 
sheared off by a factor of 2, and for a system in which two nucleons are 
sheared off by a factor of 4, etc. The results of the abrasion-ablation 
calculation with FSI can well reproduce the experimental cross-sections, as 
shown in Ref. (HU75). 
In order to evaluate the ablation process, the excitation energy of the 
fragrnent introduced by abrasion is necessary. The fragment excitation energy 
is estimated in a simple way in calculating the difference between the surface 
of the deformed primary ejectile and the surface of the same nucleus in a 
spherical shape. The average excitation-energy per nucleon is calculated to be 
(E -Eo )(b) 
A -n -
1 f d仇2匂sdzp阿〆ρ舟S叫-
2 ルf J d2勾sd白zp凶バ内z) 以仰P凶[トい.勺イATOがNN叫To日'ot (什1ト- iほ川αω)刈Jp阿7ザイυω') む， ] 
(2.4) 
where M is the nucleon mass and the parameterα= Re fNN(O) 11m fNN(O) is a 
measure of the real part of the nucleon-nucleon forward-scattering amplitude 
fNN(O); it can be omitted since it is sufficiently small. 
Since we know the thresholds of particle emissions, we can calculate 
the production cross-sections of the fragments produced after the particle 
14 
ernission (the ablation cross-section). Thus, by combining the ablation crossｭ
section with the abrasion cross-section below the thresholds of the particle 
ernission, we can obtain the realistic production cross-sections. The actual 
calculation of Equations (2.2) and (2.4) is described in Appendix 3. 
2.2 Momentum distribution of projectile fragmen匂
As shown in Fig. 2.3, at energies higher than 200 MeV Inucleon, the 
momentum distribution of the projectile fragments can be well described by a 
Gaussian in the projectile frame as 
d3σ r (PL -po)2 ?
dp3 OC 叫 1-2σ;}J (2.5) 
where po denotes the average momentum of the fragments and σL is the 
w?th of the momentum distribution in the direction parallel to the bearn. 
The longitudinal momentum spread (?L) of fragments in the laboratory 
system 﨎 
~1- ß2 ' (2.6) 
where ﾟ  = vlc. 
The momenturn distribution is thus characterized by the center 
momenturn (po) and the width (σ'L); po is smaller than the average 
momentum of incident nuclei. Generally, however, the difference is very 
small compared w?h its momentum; for example, it is 10 -130 MeV I c in the 
relativistic energy region (GR75). The velocity of fragments is therefore 
almost the same as that of the incident beam. The width (σi) does not depend 
on either the mass of the target or the incident velocity; it is well accounted 
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Fig. 2.3 The projectile-frame parallel-momentum distribution for loBe 
fragments from 12C at 2.1 GeV /nucleon on a Be target. The mean 
momenturn PL 三 <p;;> =ー 30 Me V / c and standard deviation σL 三 <σ;;> = 129 
MeV / c are indicated. (GR75) 
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rnodel can well describe σ'L . The rnodel assurnes that there are rninirnal 
correlations arnong nucleon rnornenta and that the statistical cornbination 





where Ap and AF are the projectile rnass-number and the 仕agrnent rnassｭ
nurnber, respectively, and (Jo isgiven by the Fermi rnornenturn P'F (G074). 
For the Ferrni-gas model, 
が=;p戸 (2.8) 
In intermediate-energy heavy-ion reactions (energy range of 10 -100 
MeV /nucleon), however, the distribution is not a simple Gaussian and a low 
energy tail is usually seen, as shown typically in Fig. 2.4 (GU83). The high-
momentum side of the distribution, however, is well described by Equation 
(2.5), independent of target. Though the optimum po is very close to the 
rnomentum of a projectile also in the energy region, one can usually find a 
small energy loss, unlike in the relativistic-energy region. Even though the 
energy loss has not been studied systematically, the following equation has 
been given empirically for the energy shift at around 50 MeV /nucleon 
(DU86): 
l1EN = E'FN -Ep = -0.45 ( Ap -AF ) + 0.58 ( Zp-ZF ) -0.48 (MeV /nucleon). (2.9) 
Here Zp and ZF are the projectile atomic number and the fragment atornic 
number, respectively. The width (σiJ obtained by fitting a Gaussian only to 
the high-rnornentum side of the distribution is slightly less than that 
predicted by the Goldhaber rnodel. The energy dependence of the reduced 
momenturn width (σ0) is shown in Fig. 2.5 (MU83). It should be noted thatσo 
increases with energy, and becomes almost 日at at energies above 50 
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Fig. 2.4 Typical energy distribution of projectile fragrnents at interrnedia te 
energy.ηle full curves are frorn Equation (2.5). (GU83) 
Fig. 2.5 A compilation of several different measurements of the reduced 
mornenturn width σo of ejectiles from heavy-ion reactions. (MU83) 
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in terms of the behavior of the transfer process, due to the kinematicalｭ
matching conditions of the nudeons transferred to the target nucleus (GU85). 
A low-energy tail in the momentum distribution can be seen at 
energies below 100 MeV /nucleon, but has not been observed at energies of 
around 200 MeV /nucleon (VI79). This tail is independent of the target and 
the fragment mass or the angle (GU83). The creation mechanism of the tail 
component is stil unknown. 
From this kind of the evidence, it can be stated that the projectile-
fragmentation process starts at intermediate energies, and becomes dominant 







2.3 Angular distribution of projectile fragments C てコ
、、
台 10・ z
The Goldhaber model can be used to predict an isotropic momentum 
distribution in the projectile frame. The angular distribution is thus basically 
the same as the momentum distribution. For the angular distribution, we 
can use a simple Gaussian with the width-parameter (σT 三 <σj_>) as follows: 
...:1 3庁( .."市 2 ?U~V I VT- I 話区 exp 1-諒 J I (2.10) 7Be 
(xIO-3) 
where PT is <P j_>. 
In the relativistic energy region (around 1 GeV /nucleon) it has been 
found thatσT= σL within an accuracy of 10%, showing validity of the 
following equation (GR75): 
10~ 













Fig. 2.6 Typical angular distribution for 160 + Al, 160 + Au at 92.5 
MeV /nucleon. The solid curves are best fit from Equation (2.10) ; the dashed 
curves for σo = 86 Me V / c. The dotted curves resul t from folding the 
deflection function with the momentum distribution due to the intrinsic On the other hand, in the energy region around 100 Me V / nucleon, the 
situation is different. The first experirnental results concerning 160 + Al/ Au 
systems at 20 < e <80 showed surprisingly large widths (Fig. 2.6) (BI79). These 




are clearly broader than a prediction from the Goldhaber model. Bibber et al. 
tried to explain this broadening by introducing the classical orbital deflection. 
The width was thus given by 
問1= AF (Ap -AF ) ., (AF ¥2 
一 σ所 +1 一一一 l σ Ap ・ 1 '-'U ・~ Ap J (2.12) 
where the σü-term is familiar due to intrinsic nucleon motionl which was 
already explained; the σz-term is due to the variance of the transverse 
momentum of the projectile at the time of a collision (BI79) (GU83).σz can be 
calculated by using a simple model in which the projectile is first deflected by 
the combined Coulomb-nuclear field of the targetl andl subsequentlYI 
fragrnents (BI79). The angular distribution could be well reproduced by a 
reasonable Coulomb-nuclear potential (BI79). This suggests that the 
台agments are subject to orbital deflection prior to breakup. Based on a simple 
calculation, it was shown that the scattering angle is positive in the case of a 
target with a high atomic number, due to the repulsive Coulomb potential; it 
is negative in the case of a target with a low atomic number, due to the 
relatively strong attractive nuclear potential. Definitions of positive-and 
negative-angle sca仕ering of the fragments are given in the Fig. 2.7. Equation 
(2.12) can also well reproduce the fragment-mass dependence of the widths. 
The widths of the angular distributions for projecti1e fragrnents also 
depend on the charge number of the fragmen也， even for the same mass 
number. The greater is the charge number, the smaller is the width of the 
angular distribution. Such a charge effect can be explained based on the 
Coulomb final-state interaction between the fragment and the protons 
dissociated from the projectile (W082). One expects the fragmentation 
process to be a prompt peripheral process with the observed fragment being 




P : Projectile 
F: Fragment 
。: Prod uction angle 
Fig. 2.7 Definitions of positive-and negative-angle sca仕ering.
parent nucIeus lies in the region where the nuclear matter of the projectile 
overlaps with the target nucleus. After such a peripheral encounter, the 
participant part of the projectile is likely to dissociate into a gas which moves 
with only a small mornentum relative to the fragrnent. The Coulomb finalｭ
state interaction consists of the vector sum of al Coulomb kicks exerted 
between each dissociated proton in the gas and the fragment. In this model
l 
the widths are given by 
日+ (50j_2 ::t早川 ) Co (50 j_ + 
ゥ (1 (Zp -ZF-1) ¥ +CoZ ( Z p -Z F) [3-+SI -') (2.13) 
Co =ゾ 2 m Z F e2 A F / ( AF + 1 ) R
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σl- = AF (Ap -AF )伝子
- Ap 制 1 '-'U 
司 ( AF 守司
σ'DJ.L = I 一五;) σγ 
where m is the rnass of proton and R, pararnetrized as R = '0Ap1/3, is the 
rnean initial separation between a dissociated proton and the fragment; the 
positive (negative) sign indicates positive(negative)-angle scattering. The 
third and fourth terms corne frorn the Coulomb final-state interaction. It is 
noted that only the participant carne frorn the projectile is taken into account 
and the participant carne from the target is neglected in this equation. By 
analyzing the experimental data using Equation (2.13), we can determine the 
sign of the scattering angle of the projectile fragments. Wong et al. showed 
positive-angle scattering for a target with high and low atomic numbers in 
the energy region around 100 MeV /nucleon by analyzing former data for the 
angular distributions (W082). This contradicts the speculation of the forrner 
work. 
Recently, the scattering angle of projectile fragments in the energy 
region has been re-studied using the target-mass dependence of the rapidity 
(5188). The peak rapidity of fragments was accurately rneasured for 160 + 
Al/ Au systems at 20 < (J< 80 in the present work. A closer examination 
reveals an angle-dependent dumping of the peak. The consistency between 
the data sets for the different targe匂 comes about upon subtracting, rather 
than adding, the grazing angle. This fact leads us to the following conclusion: 
scattering outside the grazing angle has a positive angle. The data are clearly 
not sufficient to explain the dumping. The transfer process may cause it. 
However, it is suggested that dumping may be explained in terms of the finalｭ
state interactions between the observed fragments and nucleons ernitted from 
24 
the participant region, since the fragmentation process, not the transfer 
process, is dominant in the energy region around 100 MeV /nucleon. 
2.4 Nuclear spin polarization of projectile fragmen匂
In this chapter, polarization measurernent studies used as a probe to 
determine the sign of the scattering angle are described. The definition of the 
polarization is given in Equations (3.2) and (3.3). 
(a) Simple kinematical discussions based on a simple projectile fragmentation 
model 
A calculation based on a simple projectile fragmentation model was 
the first theoretical work regarding this subject. Since the principle is very 
simple, this 5加dy is mentioned first. The formalism explained in this section 
was first introduced by Asahi et al. in Ref. (AS86) to calculate fragment 
alignment. He also applied it to fragment polarization without giving any 
details (AS90). They are, thus, explained here. 
The model assumes tha t the following: 
(1) The projectile-fragmentation process is well described by the 
participant-spectator p兤ture. 
(2) The participant part already exists in the projecti1e nucleus, and is 
prepared for removal prior to the collision. However, this 
assurnption may not necessarily mean that the parts must form 
a cluster in the strict sense. 
In addition to the assumptions described above, the model also assumes the 
peripheral nature of the collision for projectile-fragmentation process. 
25 









Fig. 2.8 Schematic diagram of correlation between P and Pf predicted from a 
model of projectile fragmentation. See text for notations. 
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Under these assumptions, the projectile nucleus is divided into two 
par匂: the participant part and the spectator part. As indicated in the small 
insert of Fig. 2.8, the linear momentum (p戸 and the angular momentum (R x 
Pf) of projectile fragments are supposed to be s廿ongly connected; they are 
directly connected to those of the participant part through the momentum-
and angular momentum-conservation laws. As is indicated in Fig. 2.8, a 
fragment whose velocity is larger than the projectile velocity is formed when 
a cluster moving in the backward direction in the projectile frame at the 
instance of a collision is removed. In this case, the spectator fragment must 
have the angular momentum given in the right-hand side Of the figure. The 
polarization is thus positive when we assume a positive de f1ection, as shown 
in the figure, where the polarization parallel to the vector Pi X Pf is defined so 
as to be positive; P?and Pt are the momenta of incoming and out going 
partic1es. On the other hand, for a fragment whose velocity is smaller than 
that of the projectile, the above discussion is reversed, and the sign of the 
polarization ? negat?e. The momentum dependence of the polarization, 
where the polarization is positive for the higher side of the momentum 
distribution and negative for the lower side of the distribution, will thus be 
observed for positive-angle scattering; negative-angle scattering gives a 
reversed tendency. 
The polarization in such a process is calculated using the Wigner 
transform of the one-body density matrix as follows. The axis of the 
polarization (quantization axis) is perpendicular to the beam axis in the 
system, as shown in Fig. 2.9. The consideration can be elaborated as follows 
into a quantitative form by taking an expression derived in Ref. (HU81) for 
the production of a fragment with a longitudinal momentum k;: 
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z + Xf /2 
dσ柑 r _ r r dχ 11 




Z -XIf /2 
The weighting function (O(s)) contains the collision dynamics, and confines 
the process of the nucleon removal to the region of the nuclear surface. Since 
the form 0(5) = 8(5 -so) was assumed for the weighting function, the equation 
was changed to 
dσ附 r rdx x x 
If=j dz| -E77exp( ー i k x )φ'm ( 50 , Z -τ)φJ(so ， z+τ) , (2.17) 
where we have replaced k/ (x/) by k = I kI (x= I x1) for simplicity. 
Beam: ki 
ま奇7 =#jμμdぷω2
where the momentum vectωor (伏k = ( k .l, k旬// ) of the removed cluster iおS 
(2.14) 
As an example, we consider the case that a nucleon is removed from 
the ld orbit of the projectile. For simplicity, we assume no intrinsic spin for 
the nucleon. By describing this orbit by a harmonic-oscillator wave function, 
we obtain the following expression for the momentum distribution: 
da 、 'dσm
dk - ζー....J dk 
Fig. 2.9 Coordination of polarization. 
け1
decomposed into a k/ component parallel to the beam direction and a 
transverse part, kh the position vector (R = ( 5, z )), at which cluster removal 
takes place, is decomposed into z and S in the same manner. In the 
above expression for the fragmentation cross-section, the Wigner transform 
(Wm( R, k)) of the one-body density matrix (<r I pI r刈， defined by 
r d3X 
Wm( R , k) = 1 (2π)3 叫(ー ikx)<R- ~ Ipl R+ ~ > 











































represen匂 the "probability" for finding a particle at position R and 
momentum p. Using this equation, the production of a fragment is given by 
where dσ'm/ dk denotes the cross-section for orbit m of the angular 
momentum 1 = 2; N is a normalization constant. The width (ηofthe 
dis tribu tion is expressed as r = So/ b2, w here b denotes the oscilla tor 
parameter for the wave function. N oting that the angular momentum 
remaining in the fragment nucleus is opposite to that of the removed 
nucleon , the spin polarization (P) is calculated as 
P = (生.生 ì I ( dσ) 
- 1 dk - dk J I I dk J 
= 3 ~ ?( ~ y + 1 -( J}-?2l / ?(~ y + 2 ・ f土 ì2 y ・ 3 + 3 r 土 ì2 l. (2.19) r I I r J ¥ So ) l'I I I rJ ¥ SO ) J ¥ SO ) I 
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The quantitative behaviors of the cross-section and polarization as a function 一V小川小
-c
? ?
of k are shown in Fig. 2.10, where we chose the parameter r , 50, b and r as
AW~
，ペ
follows: 50 = r = 4.45 fm, b = 2.18 fm and r = 0.936 fm-1. The above discussion 
ドー
1 
ぱ is similar, even for an actual nucleon which has intrinsic spin, as well as for _Q 
It was shown that the (See Appendix 4 for detailed calculations.)other orbits. 
??
sign of the sca ttering angle can be determined from the momen tum 
dependence of the fragment polarization. 
(b) Microscopic simulation method 
A more sophisticated theoretical calculation based on microscopic-




In also been used to predict the polarization of projectile fragments (OH92). 
the case of peripheral collisions, like the projectile-fragmentation process, the 的.0
This treatment is called a mean field of the target nucleus was assumed. 




model, the two nuclei interact through this mean field as well as stochastic 2-
The Gogny interaction (OH92) is used as the effective nucleon collisions. 
凶
.0
・ nu c1ear-force, and the target mean field is constructed by the folding potential 
Since the total angular momentum is not of the Gogny interaction. 
conserved with the usual treatment of the 2・nucleon collision terrn, it is 
D.F
・
The recoil effect of the restored by a uniform rotation of the total system. 
target nucIeus is also taken into account. 

















































dependence and the projectile polarization in 15N induced reactions are also ??
N.F
・





momentum dependence of the polarization is almost consistent with that 
















fragmentation model. At 70 MeV /nucleon , h 
, however, the far-side component 
(the component of negative-angle scattering) cannot be neglected, even 
though the cross-section is stil1 sma1l. The far-side component has a 1arge 
pos咜ive po1arization, since the contact time is 10ng and the ejecti1e has 
sufficient time to absorb the relative angular momentum. Thus, a dip 
appears as the result of the mixing. In the 70 MeV /nucleon 15N+93Nb 
reaction, fragment polarization is dominated by the far-side component, and 
the sIope becomes negative. These tendencies are basical1y consistent with 
predictions from a simple projectile fragmentation model. 
15N +197Au 
40 MeV /u , 50 
--・ --・・・・. 
260 280 360 
P/A (MeV /c) 
Fig. 2.11 Typical prediction fron1 111icroscopic simulation methods ; The 
momentum distribution (upper) and the polarization (Iower) of rnass 
number = 14 nuclei produced in the 15N induced reactions. The dashed, 
dotted, and solid lines show the near-, far-side contribution, and their 
average, respectivel y. 
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Chapter 3. Principle of nuclear polarization measurements 
We had to rneasure the polarization of the heavy 37K, 39Ca and 43Ti 
projectile fragrnents , which are al short-lived ﾟ-radioactive nuclei. Among 
the many methods used for rneasuring the nuclear polarization, the nuclear 
magnetic resonance (NMR) probed by the asymme廿ic emission of ﾟ-rays ( ﾟｭ
N恥1R technique ) isbest because of i包 effectiveness and reliability. This 
method has several advantages, i.e., an analyzing power of A -1.0, and 
reliability in cancelling geometrical asymrnetry of the detection system. 
can thus measure the nuclear polarization with high precision. 
3.1 ﾟ -NMR technique 
3.1.1 Asyrnme廿ic -ﾟdecay 
We 
Basically the nuclear polarization can be detected by the as戸nmetric
emission of ﾟ-rays when the nucleus is a ﾟ-emitter and its nuclear spin (I) is 
not zero. Due to parity non-conservation in a weak interaction, the general ﾟｭ
ray angular distribution for nuclear polarization is given as (H076) 
v 
W(8) = 1+ ~P ~ cos8 , (3.1) 
C 
where P isthe nuclear polarization and ~ is the asymmetry factor; 8 isthe 
polar angle of the ﾟ-ray relative to the polarization direction and (υ/c)isthe 
-ﾟray velocity divided by the light velocity, which is omitted later since it is 
very close to that for the present ﾟ-ray energy. 
The spin polarization (P) for the ensemble of a spin J object is defined 
in terms of the population of the magnetic sublevel (am) as follows: 
34 
p = ヱ am m /1 , 
m=-l 
where am is normalized as 




In the V-A approx~mation the asymmetry factor (~) is given by 
dー+ .:L::. 1CA 12 1 f a 12 
一一句h ICv I2IJlI 2 +lcAI 2 IJσ1 2 
( j ,1/2 ( CA)(CV)J σJ1 ー 2 匂1 l芦了) 1 C V 12' I-rl/ 1'2-; ?~: ?; IJσ 1 2 for ﾟ:t (3.4) 
九11 =1 for j コ J1 = j -1 (3.5) 
1 
-j+ 1 for J =今 J1 = J 
」一 for J :功 h = j + 1 j+ 1 
where j and h indicate the total angular momentum of the initial and final 
states respectively; 1 1and 1 σare the Fermi and Gamow-Teller matrix 
elements; CA and C v are coupling constants with the subscripts being the 
vector and axial vectors, respectively (M073). If decay mode is pure of the 
Garnow-Teller type, ~ becomes even simpler, 
~ =r_為J1 ' for ﾟi . (3.6) 
The Fermi matrix element is given by 
J 1= [ T ( T +1 ) -T ziTザ ] Oif ( 1 -ε) , (3.7) 
where T is the isospin; Tzi and Tzf are the z-components of the initial-and 
final-state isospins, respectively; 匂 allows the Fermi transition to take place 
only between nuclear analog states. The quantity (1・ ê) is the conventional 
correction for the Fermi decay by which the reduction in the overlap between 
the initial and final nuclear wave functions due to isospin mixing is taken 
into account. The free nucleon value for CA/ C v can be obtained from the 
35 



























The calculations are based rnixed Ferrni/Garnow-Teller decay of the neutron. 
on a 1982 analysis of Wi1kinson (WI82), which gave 
(3.8) I CA/ C v I =1.2606 :t 0.0075 . 
+ 
C::L Thus, if f σcan be estirnated, we can calculate the asyrnrnetry factor from 
Equation (3.4). 'N\h
作H'N\h
The If σI can be obtained frorn the ß-decay 戸-value of the nuc1ei. 












(3.9) f t 1/2 =K / [ cv2I J 11 2+ C A 2 + 1 J σ1 2 ], 
The ft value can be calculated where t1/2 isthe partial half-life of the nuclei. 
+N\
的行The sign from the ﾟ-decay Q value, the total half-life and the branching ratio. 
+付\的何一)訟off σcan be determined by either shell-model calculations or magnehc-
(02ι
凶)戸内申




































The data The asyrnrne廿y factor of 43Ti is shown here as an exam ple. 
necessary for such a calculation as the ﾟ-deca y half-life, the branching ra tio 
In this nuc1ei, a ground-to-ground and the Q value are given by (H087). 






Ref. decay transitions are weak, and are of the pure Gamow-Teller type. 
νVe (BR85) was adopted as the best rnethod to calculate the phase-space factor. 
Finally, by taking thus obtained the asymmetry factor of each transition. 
V向h的
Asymmetry average of each asymme廿y factor, we obtained -0.72 for 43Ti. 

























Thus, in order to evaluate the polarization, we measured the ﾟ-rays 
using two sets of counter telescopes placed above and below the reaction 
The ratio R of the counting plane, i.e., in the direction of 8==00 and 8==1800. 




一 -1+2 8!ì P.1 -8!?P 
W(e=oo) 
W(e=180o) R= 




3.1.2 Nuclear Magnetic Resonance (NMR) 
Although the polarization can be rneasured basically through 
asymmetric ﾟ-ray emission, we need a reliable rnethod to cancel the 
geometrical asymmetry of the counter system for a precise determination of 












RESONANCE FROM FAR by rneans of the NMR technique. 
Nuclear rnagnetic resonance (NMR) was developed by Purcell et al. 
In a classical pictureパhe magnetic moment in a rnagnetic field (Ho) 
(3.11) 
(PU46). 
rotates around the field with a Larrnor frequency (仇) given by 
γ_ι _ _K_" 
1 ?= ?}-J-N ú)L =γHo , 
Here， μis the magnetic moment (see Fig. 3.1) ， γthe gyrornagnetic ratio, g the 
The g-factor of the nuclei, 1 the nuclear spin and μN the nUclear magneton. 
quantum-mechank energy levels of nuclei are split in terms of their 
EXACTLY NEAR When a photon ha ving the same rnagnetic sublevels, as shown in Fig. 3.3. 
energy, with the energy difference between these levels, is supplied frorn a rf
(radio frequency) magnetic field, transitions between these levels occur and 
the direction of the rnagnetic rnornent is changed, under the following 
condition: 
Fig. 3.1 Schematic views explaining precession of the rnagnetic mornent μ. 
Four cases depicting precession of the rnagnetic moment about the effective 
field Bcff. Exactly on resonance, Beff = B1 (R086). 
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!lm=m-m'= :t l , (3.12) 自 ω =g μNHO l!lm I 三克 ω'LI !lm I 
where m denotes the magnetic sublevels. 
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The principle of the NMR technique developed by Purcell et al. is 
indicated in Fig.3.2. Material is placed in an rf coil which is tuned for the 
frequency (ω1) determined by the inductance (L) of the coil, and the external 
capacitor (C). The entire assembly is then placed in a constant magnetic field 
(Ho). At the resonance frequency (i)[) defined by Equations (3.11) and (3.12), 
C 
resonance absorption by the spin ensemble occurs; this absorption is detected 
through a resultant change in the impedance of the LC-circuit. The g-factor of 
the nucleus thus is deduced from the resonance condition， ω=ωL . 
The absorption curve, namely the NMR spectrum, has only one peak 
corresponding toω'L， independent of the nuclear spin when just the magnetic 
interaction is considered. However, if the electric quadrupole interaction 
(eqQ) exists in addition to the magnetic interaction, the spectrum spli包 into
several peaks. The Hamiltonian of this system is written as 
e2q Q 
:fe= - γ元 HoIz + バ T (今 T 1 、 (3 ん.2_戸) , (3.13) 
ω 





Fig. 3.2 Principle of NMR. 
From measurements ofωQ， we can determine the electric quadrupole 
moment of the nucleus if we know eq from other independent 
ロ1easurements.
where eq is the electric field gradient, Q is the nuc1ear quadrupole moment 
and z' means the principal axis of the field gradient, which is not generally 
coincident with the z-axis along which the magnetic field is directed. 
If eqQ is smaller than the magnetic in teraction, we can trea t eqQ as a 
perturbation to the main magnetic interaction; the energy levels are thus 
glven as 
3.1.3 ﾟ-NMR technique 
If we have an alternative detection method for the spin motion, we 
don't need to carry out the same procedure as used in the Purcell's method. 
Such a method involves using the asymmetric emission of ﾟ-rays described 
in the preceding section. An ambitious technique, called ß-NMR, was 
initiated by Sugimoto, and then developed by Minamisono (SU65) (MI73). In 
this method, the spin motion is detected by the ﾟ-ray asymmetry from 
polarized nuclei, so that it can be detected, even for a very low concentration, 
g2 q Q ( 3 cos2 (]-1) 勺
Em =・ γ元 Hom + バ F パ T _ 1 、 I ---2 - J [ 3 m2 -1 ( 1 +1 )] , (3.14) 
where (] is the angle between the z_ and z'-axis. The energy levels therefore 
split as shown in Fig. 3.3. Here, (1抱 is given by 
均三子=2π 勺 (3.15) 
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This method comprises four like an impedance change of a rf-coil circuit. 
stages: 
(1) Production of polarized nuclei. 




(3) Detection of the nuclear polarization by means of asymmetric 
(4) Control of the nuclear polarization by means of radio-frequency 
(NMR). 
-ﾟdecay. 
B. 引凡九凡B.a 0 
。)
This method is very effective for measuring the polarization, as well as the 
The success of this method magnetic moment, of any ﾟ-radioactive nucleus. 
m 1 ・ 3/2
depends on production of polarized nuclei, and the maintenance of the 
polarization during their lifetimes. 
EFG B. • 凶φzdzυ8. 














」一一L It is possible to invert the nuclear spin by this method. 、.3，r勾，E4? ???，，‘、ρ」?? ??? ?円L?? ?-圃-b) This method was introduced to the ﾟ-NMR technique by Minamisono (MI73). 




rnagnetic field wi th a Larmor frequency of VL = 仇/2rt. When a linear rf -
magnetic field (2H 1COSωτ) is induced perpendicular to the external static 
rnagnetic field , the magnetic rnoment (μ) precesses around an effecti ve Fig. 3.3 a) Magnetic sublevels for a spin 3/2 nucleus with magnetic and electric 
rnagnetic field , i.e. , the external magnetic field (Ho) is reduced by (ω/汐 andH1 ・quadrupole interactions. b) Change in ﾟ-decay asymmetry at resonance for B 
field alone, c) splitting of resonance line by addition of the lectric field 
( Note that the effective rotating strength (H1) obtained by the linear 
field, 2H1COS似， is IH1eicd I = Hl.) 
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gradient and quadrupole coupling (R086). 
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This phenomenon can be intuitively understood in a rotating 
coordinate system which rotates simultaneously with H1. In this 
coordination the strength of the reduced external magnetic field (Ho') is 
Ho' =Ho- ω/y. (3.16) 
The magnetic mornent (μ) precesses around the effective rnagnetic field, (Hef 
= Ho' + H1) with a Larrnor frequency of ω1.' = yHeff・
(Note that H1 becomes a static rnagnetic field in the coordination. ) 
The 5廿ength of Heff is given by 
I Hef I ==ゾ H12+ HO'2 = イ H12+ (Ho ・ ω/γ)2
The angle 8 between H1 and Hef is written as 
。 1 ( H，oア/Lì=tan-11 TT I 
i 口 1 J 
H 





This situation is illustrated in Fig. 3.4. 
By scanning the rotating angular velocity (ω1) from ωi <γHo toωf > yHo 
through the resonance angular velocity (的 =γHo) ， the direction of Hef is 
changed from parallel to Ho to anti parallel to Ho. Ifthe change in the 
rotation of the angular velocity of dHeff/ dt is sufficiently slower than ωt'， the 
magnetic moment (μ) follows Heff・ This phenornenon represents the 
adiabatic fast passage (AFP). The change in the rotation of the angular 
velocity of Heff is estirnated to be de/ dt. Near the resonance angular-velocity 
(的 = yHo,) the quantity d8/ dt is written as 




Fig. 3.4 Schernatic views explaining the adiabatic fast passage (AFP) (MI73). 
and ﾚJL' is 
仇， _γHeff= γゾ H12+ (Ho ・ ω/γ)2 (3.20) 
The condi tion of AFPωL' >>d8/ dt is thus rewritten according to 
following equation: 
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1 dωl -完了1γパ H12+ (Ho ・ ω/y)2 . (3.21) 
Near to the resonance, Ho is nearly equal to Wo/ y.Then, the AFP 
condition is again rewritten as either 
1 dω 一一一一一《 γHl (3.22) 
'yH1dt 
or 
企竺<< ( yHl )2 , 
t.t 
(3.23) 
where t..ωis the frequency rnodulation width of rf and t.t isthe tirne period of 
the rnodulation. 
The ad van tages of this methods are: 
(1) Since the asymrne廿y change in ~-ray counts is twice as rnuch as that 
for the usual depolarization rnethod, the figure of rneri t (p2 N) becornes 
four-tirnes larger. 
(2) Only the direction of nuclear polarization is inverted by this 
rnethod, without changing any setup like the counter geome廿y.
Due to these advantages, this method is especially effective in rough 
rneasurernents of nuclear rnagnetic moments, owing to the large asymrnetry 
change and wide rf modulation. 
The effectiveness of the AFP was first shown in rneasurements of the 
8B nuclear rnagnetic rnoment (MI73). In this experirnent, the asyrnrnetry 
change (which was originally only 3% according to the usual depolarization 
rnethod) was enhanced to 6% by means of AFP. 
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3.2 Hyperfine interaction of irnplanted nuclei 
The selection of host rnaterial is very irnportant for the NMR-
rneasurernents because the rnaintained polarization, the shift of the 
resonance frequency and the broadening of the width of NMR spectrurn 
depend on the hyperfine interaction between the irnplanted nuclei and host 
rnaterials. In this section, the hyperfine interaction of irnpurities in catcher 
rnaterials, such as spin-Iattice relaxation, broadening of the resonance width 
and shift of the resonance frequency, are discussed. Since these iterns are 
d?ferent for rnetallic and non-metallic samples, these differences are also 
described. 
3.2.1 Spin-lattice relaxation 
Interactions between implanted nuclei and electrons in a crystal can 
cause relaxation. In general, the Hamiltonian ior the electrornagnetic 
interaction between nuclei and electrons is given by 
rl s _r(sr) 3 _..l 
:fe = 2 J.1B γ日|戸-r3 + 3 r5' + 8"n s ?r) 1 , (3.24) 
where μB is the Bohr magneton, 1 isthe nuclear spin, 1 and s are the orbital 
and intrinsic spin of electrons (AB61). Although in free space this interaction 
becomes very large, in the case of a diamagnetic sample, it is reduced because 
of the disappearance of orbital angular rnornenturn. 
The spin-lattice relaxation and the shift in the resonance frequency 
(Knight shift) in metals are caused by the conduction S electrons. They are 
associated with the well-known following Korringa relation: 
T1(全引先 Yt?I H ) = 4π k T Yn2' (3.25) 
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where ye and Yn denote the spin g-factors of the electrons and nuclei, 
respectively; Mi/H denotes the Knight shift; and T1 denotes the spin-lattice 
relaxation time. From the relation, the relaxation time (T1) is expected to be 
inversely proportional to the temperature (T). In order to make the 
relaxation time longer, it is necessary to make the temperature low. 
On the other hand, in the case of insulators, the spin-lattice relaxation 
time is not given by a simple relation, like Equation (3.25). It is found that the 
spin-lattice relaxation tirne in pure rnetal is larger than 102 seconds at room 
ternpera旬re (GL49). It is understood that the pararnagnetic impurity in the 
crystal is the main cause of relaxation (GL49). In the present study the lattice 
defects produced in crystals during the implantation process may have also 
caused the relaxation, since defects may cause fluctuation in the local 
magnetic field and/or electric field, thus destroying the nuclear polarization 
(MI87). 
3.2.2 Line broadening 
The implanted nucleus is surrounded by many host nuclei. Such 
surrounding nuclei cause a local rnagnetic field. The fluctuation in the local 
magnetic field causes a broadening of the width of resonance. 
The magnetic dipole interaction is given by Ref. (AB61) as 
'Y1 Î空克2 I .. ~ (J1 r12) (12 r12) l 均2= つ二ア I 11 12 ・ 3 2 |, (326) L ... - r12"" J 
where r12 is the vector connecting two spins. The dipolar broadening (ð.ω) is 
thus given as 
、 1 (3 COS2ei -1)2 (ω)2 =すががれ( 5 + 1) L ,- ---r!~' 
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(3.27) 
where ηand Ys are gyromagnetic ratios of the implanted and host nuclei, 
respectively; ()i indicates angle between their direction; and the rnagnetic field 
(H 0), ri denotes the distance between thern. A sum should be taken over the 
surrounding nuclei (VA48). Dipolar broadening is associated with the spinｭ
spin relaxation time (T2) as 
1 
一一一一 =ð.ω.
π T2 (3.28) 
In addition to the magnetic interaction between the implanted nuclei 
and surrounding nu c1ei, eqQ causes line broadening if implanted nuclei have 
a quadrupole moment. There are some causes to generate a local electric field 
gradient, such as the creation of lattice defects during the implantation 
processes and a local lattice effect caused by impurities. However, it is not 
easy to estimate the broadening. 
3.2.3 Chemical shifts 
An implanted nucleus is affected by rnany local rnagnetic and electric 
fields in addi tion to the experimental magnetic field for the NMR, as 
discussed in previous sections. These fields can cause a shift in the resonance 
frequency. 
In the case of a metallic sarnple, the main cause of the shift is the 
rnagnetic field generated by conduction electrons. This shift is known as the 
Knight shift. The measured Knight shift is of the order of 0.01 % -1 %; the 
shift depends on the concentration of implanted nuclei. 
Even in the case of an insulator, we must stil consider the diamagnetic 
effects due to the rotation of electrons around the nuclei (FE68). The 
contribution from polarization of the atomic spin induced by the external 
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magnetic field, known as paramagnetic shielding, also causes a shift. 
these magnetic fields, the total magnetic field is changed to 
H =Ho (1 ・ σ) , (3.29) 
Due to 
where Ho denotes the external magnetic field and σis equivalent to the shift 
of the resonance frequency. 0", called the chemical shift, is independent of the 
external magnetic field and is of the order of 10-4 ,.., 10・2
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Chapter 4. Experimental apparatus 
In this chapter the experimental setup used for the present study is 
described. Bearn line 44 was built at the Bevalac of the Lawrence Berkeley 
Laboratory as a fragment separator. It has been used for the separation of 37K, 
39Ca and 43Ti fragments. The general specifications of the separator are 
outlined in Section 4.1 , and beam-line pararneters are described in Section 4.2. 
Detailed methods for tuning the separator and the identification technique of 
the fragrnents are explained in Section 4.3. The se切p for the ﾟ-NMR 
technique is explained in Section 4.4. 
4.1 Fragrnent Separator ( Beam line 44 at the Bevalac ) 
Since many projectile fragments are produced in the projectile-
fragrnentation process at the same time, we rnust generally separate the 
desired fragments in general. In addition, we rnust observe the ﾟ-decay of the 
fragrnents for the polarization measurement. Since ﾟ-decay is a slow process, 
we can not tag the nuclei by the event-by-event record, as is often done for the 
rejection of unwanted events. Separation of the fragments is therefore 
necessary for the present study in a strict meaning. For these reasons, our 
group developed and improved a fragment separator: Beam line 44 (B44) at 
the Bevalac of Lawrence Berkeley Laboratory (TA89) (MA89). 
The separation of fragments was achieved by a rigidity analysis and a 
range or energy-loss analysis. Since the velocities of the fragments are very 
close to that of the prirnary bearn (as discussed in Chapter 2) rigidity analysis 
separates the fragments based on the A I Z ratio of the fragments. It was rnade 
by a dipole magnet located just after a target and a pair of slit jaws located at 
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the focus of the magnet (see Fig. 4.1). In order to select only the desired nuclei 
from al nuclei with the same rigidity (namely, the same A/ Z ratio) an 
energy-loss or range analysis was carried out in addition to the rigidity 
analysis. The energy-loss analysis was carried out using an energy degrader 
and a dipole magnet. By passing through the energy degrader with a proper 
thickness, nuclei with the same rigidity lose their rigidity depending on their 
species, and based on their Z2y-2 / A2y-l; r is a constant which is determined by 
the absorber material. By the combined analysis, only one nucleus is 
separated out (Fig. 4.2.a). The range analysis is made using a combination of a 
thin stopper and an energy degrader, the thickness of which can be controlled 
(see Fig. 4.2.b). In this method, only the desired nuclei can be selectively 
implanted in a thin stopper, by adjusting the thickness of the absorber. 
A view of entire Beam line 44 is shown in Fig. 4.3. This beam line has 
five foci, and the totallength is about 55 m. Fl and F3 are achromatic foci, 
and F2 and F4 are momentum-dispersive foci. We placed a target at F3 and 
used the down-stream section of the beam line as a fragment separator. The 
rigidity was selected at F4, and the energy-loss analysis was performed by an 
energy degraderplaced at F4 and a dipole magnet located down stream. F5 is 
the final focus, where the NMR-rnagnet and a stopper are located. Another 
energy degrader, the thickness of which is controllable, is placed right before 
F5 in order to control the range of fragments and to implant the desired 
fragrnent in a catcher. A schematic view of this setup is shown in Fig. 4.4. 
Since the F5 focus was not a perfect achrorna tic focus wi thou t using a 
degrader at F4, the dispersion at F5 was planned to be eliminated by careful 
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Fig. 4.2.b Schematic diagram for range analysis. 
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The bearn-line optics were designed by a cornputer code called 
The rnagnification factors and "TRANSPORT", as shown in Fig. 4.5. 
The bearn and rnornentum dispersions at the focus are listed in Table 4.1. 
acceptances are listed in Table 4.2. 
4.2 Production and separation of fragments 
In the previous section, an outline of the B44 fragment separator was 
given. The following section begins with the production of 37K, 39Ca and 43Ti 
These nuclei are produced through a projectile-fragments (Section 4.2.1). 
In the present study, since the thickness of the target fragmentation process. 
Then, an is irnportant, its design is precisely discussed in this section. 
Its role absorber located in the interrnediate focus is discussed in Section 4.2.2. 
In Section 4.2.3, the results from a and design are also described there. 
The principle and simulation for the separation of fragmen匂 are shown. 
Since selections of the expected separation are included in the discussion. 
rnornenturn and production angle of the fragrnent are very important for the 
present study, the selections of the mornentum and production angle are 
described in Section 4.2.4. 













The 40Ca (46Ti) primary beam extracted from the Bevalac at an energy of 
119MeV /nucleon (125MeV /nucleon) was used to bombard a target once every 
4 seconds. The thickness of the target was carefully designed, as is described 
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Fig. 4.5 Horizontal (X) and vertical (Y) beam-en velopes of 844. 
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Position Distance 恥1agnification Dispersion 
(rn) X Y (crn/%) 
Fl 司 F3 38.10 +0.449 +0.629 -0.175 
F3 コ F4 8.634 -2.454 +0.509 +1.740 
F4 =今 F5 8.824 -0.625 +3.12 +0.583 
Table 4.1 First-order optical parameters. 
Configuration D-Q-Q (first stage) 
Q-Q-D (second stage) 
Angular acceptance 14 mr x 14 mr 
Mornen tum acceptance 1.9 % (rnax) 
Max. magnetic rigidity 7.5 Trn 
Foci F3, production target position 
F4, momentum dispersive, end of first stage 
F5, ( achromatic ), end of second stage 
Isotopic separation A/Z and energy loss 
Bearn swinger max. 3 deg 
Table 4.2 Basic characteris tics of Beam line 44. 
The average bearn-intensity was about 2xl09 (3x108) particles per beam 
spilI for the 40Ca (46Ti) beam. (The internal beam-intensity in the accelerator 
was about 4-tirnes larger than the extracted beam-intensity, and the typical 
extraction efficiency was 25%. ) 
The difference in the energy-loss in the target between the primary 
bearn and projectile fragments causes a broadening of the fragment 
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thickness determined by momentum acceptance of the fragment separator 
However, in the present case, the limitation of the target hickness (DU86). 
Since the width of the momentum results from a stricter considera tion. 
distribution due to the Fermi motion which reflects the reaction mechanism 
is !lPPF, the ratio rpF shown in the following equation gives the rigidity width: 





where pc denotes the total momentum of the fragments and σPF is the width 
For the momentum width due to the given by the Goldhaber model. 
difference in the energy-loss in the target, the same ratio is given by 
r APt l企主





















where ? t and Ec denote the difference in the energy-loss and the energy of 
Since the nuclear polarization is smeared out if rT is larger the fragments. 
(4.3) 
than rpF, the condition for the target thickness becomes 
rT く rpF
In order to fulfil this condition, the thickness of an Au target was determined 
to be 380μm (250μm) for a 40Ca (46Ti) beam. Similarly, a C target for the 46Ti 
beam was 260 mg/ cm2 thick. 
The production rates of the various fragments were estimated as 
shown in Fig. 4.6 using the computer code "FRAGBNL" for the condition. 
From these figures, the predicted production rate of 43Ti (39Ca) was found to 
be about 1000 particles/spil1 (5000 particles/spill) for an Au target with a 
の.0??
の.H0.ω 
primary-beam intensity of 1 x 108 particle/spill. 
(Z/ 'O/1\.8列/g _ 01)UO~1 'O-e.1i[ 
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4.2.2 Achromatic wedge in the separation 
The energy-absorber placed at the first dispersive focus F4 should be ? ?
designed so that the separator has an optimum separation through an energy-
loss analysis. The shape of the degrader must be of the wedge type in order to 
degrade the energy of the fragments while keeping the final focus achromatic. 
In this section, details concerning the design as well as the expected ability of 
the wedge-shaped degrader are described. Although we used different wedges 
for the 40Ca and 46Ti bearns, the specifications are basically the same. 
The beam size at the final focus had to be sufficiently small, since the 
The final focus should dimensions of the catcher and rf coil were limited. 
As therefore be achromatic in order to obtain the minimum beam size. 
already described in Section 4.1 , the final focus of the fragment separator was 
lt, however, can be rnade 
achrornatic with the help of a wedge-shaped degrader at F4. Itwas designed so 
From a first-order calculation of the tha t the final focus becomes achromatic. 
beam optics, the beam sizes (x-axisσ4 and 句) at F4 and F5 were found to be 
(4.4.a) 句=D4 r3 +M4 句
and 
(4.4.b) σS=DSr4+ MS 句C04ω
コ-oυ

























































f3 and f4 are the percent deviation of the rigidity from the central 廿ajectoryat




and a thickness gradient of η， was considered. The range (R) is expressed 





R=k -=-す-;:;- B02γ A2yJ JJp (4.5) 
where the parameterγis close to 1.75 in the energy region and k isa constant. 
The rnornentum width of the fragrnent after the wedge degrader at F4 is thus 
given by 
( Bp3 )3 .5 η A2.5 1 
円高jη日子三I5耳石σ4 ， (4.6) 
where Bp3 and Bp4 are the rigidities at F3 and F4. We put Equation (4.6) into 
Equation (4.4) and obtained following relation: 
r (Bp司，3.5 η A2.5 1 ~ ~ . I ~ 1 
σ言=~ I~一 I Ds- τττヲTτ 一一一~D5 D4+MS D4 ト r3l ¥ Bp4) -~ j.~ /( Ll.J Bp43.5 -~ -T _. _ ~ -T J 
r . I η A2.5 1 ~ 1 .
+ 1 Ms -3.5 k Zl.5瓦3.5Us J M4 句 (4.7) 
The achroma tic condi tion requires the firs t terrn to be zero: 
(Bp3 1.5 η A2.5 1 
同~) Ds・百τ三百瓦王子山 D4+MS D4 =0 (4.8) 
From this condition, the thickness gradient (7) is given as 
Zl.S _ _ r fBo':l ¥3.5 1 九1 r; 1 
ド 3.5k A2.5 BP43.5 tl '瓦) D4 +司仰)
When this condition is fulfilled , the bearn size at F5 is determined by the 
second term in Equation (4.7) , as 
Ds ( B P3 ,3.5. I 
O's = -D4 l 云戸)均句 (4.10) 
The bearn-line parameters of B44 are listed in Table 4.1. The original rigidity 
(Bp3) just after the target is determined at Section 4.2.1. It turns out that the 
srnaller is the rigidity (Bp4) after the degrader, the smal1er is the beam size at 
F5. However, we must also consider the separation power of the separator 
regarding the design. もへv'hen different isotopes pass through the a bsorber, the 
energy-loss was different, as was the deviation of the rigidity at F4 (r4). From 
Equation (4.4.b), the focus position (Xs) at F5 for different isotopes is given by 
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Xs = Ds r4. (4.11) 
From this equation, it can be seen that the larger is the deviation of the 
rigidity, the better is the separability at F5. This means that the thicker is the 
degrader, the better is the separability. Using Equations (4.6) and (4.9) , the 
focus position (Xs) is given as 
X D5 
s = 3.5 k r3é , 
1.5 2.5 é= 一一一 dz ・一一一 dAz ~....- A (4.12) 
It is now clear that we can obtain the optimurn thickness of the 
degrader to achieve both good focusing and separability. In the actual design, 
due to a lirnitation in the rf-coil size, the width of the F5 slit was determined 
to be :t 8 mrn. The degrader was rnade of Aσyl (CSH802) plate because of the 
ease in machining, as well as the light constituting element. 
The thickness and gradient of the wedge-shaped degrader for 43Ti was 
designed to be tc = 0.393 crn and η= 0.441 %, according to the above discussion. 
The beam size of 43Ti at the final focus was expected toσ5 = 1.1 cm. These 
parameters were tc = 0.25 cm， η= 0.0%, and σ5 = 0.6 cm in the case of 39Ca. 
The actual wedge-shaped degrader for 43Ti experirnent is shown in Fig. 
4.7. The homogeneity in the thickness was as g∞d as:f 0.5%. 
4.2.3 Mass separation 
The rigidity analysis is carried out using a dipole magnet (SlM7) 
located between F3 and F4, and a slit at F4. The rigidity for nuclei having an 
atomic number (Z) and rnass number (A) is given by 









( ) : measured thickness ( unit : mm ) 
Fig. 4.7 Achromatic wedge degrader used for 43Ti experiment. 
8" <=> 亡ご〉
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Fig. 4.8 F4 momentum selecting slit-jaws. 
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where En is expressed in MeV per nucleon and mu is the atomic mass unit 
(DU86). The En of each fragment is almost constant, since their velocities are 
very close to that of the primary beam. By the rigidity analysis, fragments are 
separated based on the mass-over charge ratio (A/ Z). The maximum rigidity 
of SlM7 is 7.2 Tm. Simulated rigidity distributions of each fragments ejected 
from an Au target are shown in Fig. 4.6 for the cases of the 46Ti and 40Ca 
beams. A schematic view of the slit located at F4 is shown in Fig. 4.8. 
There are two ways to carry out a range analysis, as discussed in the 
former section. In one of them, using an achroma tic wedge, a proper 
separation can be obtained at the final focus. The results from a simulation of 
the separation of mirror nuclei are shown in Fig. 4.9. From the simulated 
results, the opening of the F5 aperture was desi♂led to be :t 8 mm (Fig. 4.10). 
Another method involves a direct range analysis which combines a 
thin catcher and an energy degrader, the thickness of which is controllable. 
The energy degrader essentially comprises double-wedge-shaped plastic-
plates, as given in Fig. 4.11. Simulated range distributions are shown in Fig. 
4.12. Since the range of the particle is proportional to the ratio ( Z2γ2/A2r-l) 
for a given rigidity, and the parameter yis very close to 1.75 in the present 
energy region (DU86), the fragmen匂 are separated based on the ratio Zl.S / A2.5. 
4.2.4 Momentum and angular selection 
In the present work, selections of the momentum and the production 
angle of fragments were essential. However, it was not easy to swing the 
entire fragment separator for a finite production angle. The primary beam 
was therefore swung so as to introduce the production angle using two dipole 
magnets, as is shown in Fig. 4.13.a. The first magnet swung the beam off the 
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Fig. 4.9 Spatial distribution of the several fragments at the final focus (F5) 
predicted by the Monte Carlo simulations. 
0.7" 
( ) : measured thickness ( uni t :μm) 
Fig. 4.11 F5 degraders for range adjustment. 
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Fig. 4.10 F5 aperture. 
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center; and second one swung the beam back to the center with a certain 
Dipole Magnet 
(SlM6S) 
The production angle of the projectile fragments was then production angle. 
Slit selected by a slit located 0.6 m down stream of the target. The actual 
8 p: production angle 
Fig. 4.13.b Schematic view of deflection of incident beam for 37K and 39Ca 
dimensions of the angle-defining slit-jaw are given in Fig. 4.14. 
expenment. 
In the case of a 40Ca beam, only one dipole magnet (SlM6S) was used 
The difference, however, is for the same purpose, as is shown in Fig. 4.13.b. 
not essential for the present study. 
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The momentum of the fragments was selected by the dipole magnet 
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• • • • • • • • • 
A/Z=1.95 
Thickness: 1/4" 
Fig. 4.14 F3 angle-defining slit. 
4.2.5 Exarnple of separated fragrnents 
In this section the separation of fragrnents by fragrnent separator B44 is 
Fig. 4.15 TOF spectrurn of fragrnents after rigidity analysis. 
shown. Especially, the 43Ti experiment is described as an example. 
The results from a rigidity analysis are shown in Fig. 4.15. In this figure 




The The results of the energy-loss analysis are shown in Fig. 4.16. 
figure shows the position X distribution of each fragmen匂 at the final focus 
Comparing the result with the simulation shown in Fig. 4.9, we (F5). 
conclude that the separation power was quite consistent with the design and 




We have observed the range distribution of 43Ti fragments by detecting 
-ﾟrays by changing the thickness of the F5 absorber, in order to implant 43Ti 
The The results are given in Fig. 4.17. nuclei in the center of the Pt catcher. 


























We could thus implant 43Ti into the center of the arrow in this figure. 3 2 1 。-2 
O 
-3 
catcher. CIdeally, the observed range distribution should be Gaussian, as 
However, since ﾟ-rays released from the nuclei, which shown in Fig. 4.12. 
X at F5 (cm) 
Fig. 4.16 The spatial distribution of the several fragments at the final focus 
passed the catcher and were implanted into the rf-coil located just after the 
(F5) with different neutron numbers after energy-loss analysis. 
catcher, smeared the range distribution, the actual range distribution was not 
simple Gaussian.) 
In order to identify 43Ti, we performed measurements of the time 
This A typical time spectrum is shown in Fig. 4.18. spec廿um of ﾟ-ra ys. 
spec廿um was analyzed by aχ2-fitting analysis using the following function, 
(4.14) 
which comprises two decay cornponents and a constant back ground: 
? ln2 ¥ ? ln2 ¥ 
























? ?αF ??0.0 
4000 The fitting results are shown in the figure , where 43Ti and 425c, respectively. 
the solid, the dotted and the dashed lines denote the componen也 of 43Ti, 425c 
Fig. 4.17 Range distribution of the 43Ti fragrnent. 
From this χ2 was 0.90 in the analysis. and constant-background, respectively. 
Arrow denotes the setting of the F5 wedge in 50lid lines are to guide the eye. 
However, it is noted that 425c, which is an 
isotone of 43Ti, was observed at the same time, though 42Sc ideally could be 
analysis 43Ti was identified. 






separated by a rigidity analysis. (Since the production cross-section of 42SC is 
larger than that of 43Ti, as shown in Fig. 4.6.b, a part of 425c, which could not 
be separated by the rigidity analysis, can be observed at the final focus (F5).) 
Thus, the 43Ti fraction is necessary in order to precisely evaluate the 
amount of the polarization. By integrating Equation (4.14) for each 
components we can estimate the 43Ti fraction. Several time spec廿a were 
measured for different momentum windows. The obtained fractions for the 
104 




• from beta-ray ti.me-spec廿um
momentum windows are shown in Fig. 4.19. We can also evaluate the 43Ti 
fraction from the results of particle identification. We identified the nuclei 
which passed into F5, and also counted the number of the nuclei. The results 
are also shown in Fig. 4.19. They are consistent with each other. Although 
the 43Ti fraction was small (-0.2) on the high-momentum side, it was large 
(-0.5) on the low-momentum side. This tendency is consistent with the 
prediction given in Fig. 4.6; the 43Ti fraction, however, is less than the 
predicted value. 
500 1000 1500 2000 2500 3000 
Time (ms) 
Fig. 4.18 Typical ﾟ-ray tirne spectrurn of the 43Ti fragment. 
A solid line denotes the cornponent of 43Ti. A dotted line and a dashed line 





















450 455 460 465 
Tuning the fragrnent separator to the desired projectile fragrnents is 
very important. We had to tune the separator for the optimum separation, 
not just for delivering the beam to the final focus. In this process, the 
identification of fragments is crucial. In order to identify projectile fragments, 
the energy-loss (-dE/ dx) and time-of-flight (TOF) were measured. In this 
section, the principle of particle identification (5ection 4.3.1), detectors for 





Mornenturn (MeV Icl A) 
Fig. 4.19 Fraction of 43Ti in the total particle yield as a function of fragment 
rnomen札1m. A dashed line is to guide the eye. 
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4.3.1 Principle of particle identification 
Particle identification is cornpleted when the rnass (A) , atornic nurnber 
(2) and velocity (v) of passing nuclei are deterrnined. The charge state can 
On the other hand, upon cornbining Equations (4.16) and (4.1 乃， the rnass (A) 
is given by 
A-云剛ゾ(-主) (4.19) 
also be important in sorne cases, but is not considered here since passing Here, the resolution of particle identification is referred to. Since 
rneasurernents in (i)・ (ii i) have sorne errors, we should consider them. The 
resolutions in the rnass and atornic nurnbers are given by 
nuclei are fully stripped in the present energy region (-100 MeV /nucleon) 
(See Appendix 1 ・(3).). In order to deterrnine these parameters, we measured 
the TOF, energy-loss and rigidity of passing nuclei. ( Here, the equations are 
treated non-relativistically because of the present energy region. ) 
(i) TOF rneasurernen包 of passing n uclei 
The velocity is given by 
82 
Z (弘治)ト(打 (4.20.a) 
and 
um
一A (132Y+(前 (4.20.b) 
v = e/ τ ， 
where e denotes the flight length and τis the TOF. 
(ii) Measurernents of the energy-loss (-dE/ dx) 
The energy-loss in a material is roughly given by 
dE 2med Pmed ( 2 子
f : 1 , (4.16) dx '-/ A med ~ V ) 
(4.15) 
In the present study, the rnass and atomic number of passing nuclei were 
about 40 and 20, respectively. Thus, in order to achieve particle identification, 
a resolution of 1 % for the rnass and 2% for the atornic number were 
necessary. 
where "rned" is a parameter of the host material (see Appendix 1-(1).). 
(ii) Measurements of the rigidity (Bp) 




For the particle identification described above, TOF counters were 
placed at F4 and F5, and a SSD counter at F5, as shown in Fig. 4.4. The TOF 
counters comprised two plastic-scintillation counters called a 'start' counter 
(F4) , and a 'stop' counter (F5). These two scintillation counters are shown in 
Fig. 4.20. (The 'stop' counter was plungerable so that it could be removed 
from the beam line after it was tuned.) The flight length (the distance between 
the 'start' and 'stop' counters) was about 7.9 m. 
By combing these measurements, the mass, atomic number and 
velocity of passing nuclei can be determined. From Equations (4.15) and 
(4.16), the atomic number (2) is given by 
2 -c ゾ (ぐ-主芸 )汗fiF W叫he加釘町r
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0.497 0.484 Beam 
4" 
SSD; Effective area : 45mm x 45mm 
Thickness : 300μm 
Fig. 4.21 ﾟE (SSD) counter. 
TOF STOP COUNTER ( thickness : 0.50 mm ) 
Up 
The energy-loss of fragmen匂 was measured using a Si solid-state 
detector (SSD) located just after the TOF stop-counter at F5, as shown in Fig. 
4.21. This SSD is sensi tive to the posi tion, so tha t i t canbe used to measure 




4.3.3 Data-taking system for particle identification 
2" Light-guide 
A circuit diagram for particle identification is given in Fig. 4.22 and a 
block diagram of the data taking system is given in Fig. 4.23. Two personal 
computers (NEC's PC-9801) were used for the data accumulation. Digitized 
data converted in each CAMAC modules from the signals were read through 
the crate controller. The first computer was used to read the data, and then 
































Cra te-con troller 
DATA 
Crate 
The second computer analyzed the data transfer it to the second computer. 
and stored them into a magneto optical disk. 











































A flow chart is (Kakuken-Online-Data-AcQuisition system KODAQ (OM91)). 
The original version of the program was for only a few given in Appendix 5. 
For measurements, where only one PC and few CAMAC modules were used. 
the present work, however, a revised version was developed for a faster 













4.3.4 Result of particle identification 
fjj.. e: run0021 . r ・w ・n ‘ly・ 1 ・ coap le ted
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In this section, the tuning procedure of the fragment separator for 43Ti 
is described as the typical example. 
Various fragments produced through projectile-fragmentation process 
were identified by means of time-of-flight (TOF) and energy-loss (?) 
measuremen包. It is noted that the TOF basically identified AI2, and the 
energy-loss identified 2 , since the rigidity was first analyzed by the separator. 
The off-line calibration of the counters was first performed. For the onｭ
line calibration of the counters, TOF and ? measurements were carried out 





i :; 45Ti 
j .: ;;!Pillllil i 1 11 1 i lilMilli!+ : γ 
gil|lulili!111|il!; いよj:l;HillfiliJi|11 1 11 1 |!1 'i ， : ! | lji l l!;小 !!! !l ilt|:g i 
[.:;....:， ;.~~i~j! ~1I).1!!;i :;;' !I!!; i}i:~ l.; :"" :' !~:: : ， : ' :::， 
M O 
111!116Ti 





by tuning the separa tor to a primary beam of 46Ti (A I 2 = 2.1). Then, by (a) Primary beam 46Ti tuning. (b) A/Z=2.05 tuning. 
tuning the separator in 加rn to the different A/ 2 ratios, various fragments 
were observed in a two-dimensional map of the TOF and ?. Typical TOF-? 
maps are shown in Fig. 4.24, where the F4 thin wedge was out of the beam 
path. Fig. 4.24.a shows a calibration using the primary beam; only 46Ti can be 
seen in the figure. The field s仕ength of al the separator magnets was then 
reduced by 2.5% in order to tune the separator to nuclei whose A 12 ratio is 
equal to 2.05. At that setting, 45Ti and 43Sc can be seen in the TOF-? map, as 
shown in Fig. 4.24.b. In the next se仕ing， nuclei with A/2=2.00 appeared on 
the map (Fig. 4.24.c). In the final se抗ing (A/2=1.95) (7.5% lower magnetic 
field), 43Ti was seen on the map (Fig. 4.24.d). Thus, identification of 43Ti and 
tuning the separator to 43Ti were completed. A similar procedure was also 
performed using the thin wedge at F4 for an energy-loss analysis. Typical 
TOF-? maps under this condition are shown in Fig. 4.25. 
。~~e 031 
f 1 1.. ・ : [，"UJlOO~ S. raw ‘.D&T" 00 2Ø <t 0000120 4~c 
ISOO 同 : roP/ CIJ! 。~n ?!le 
、島，....... .. ...........‘‘..".. ..   , ・ー . ? ? ?
• • • • 
: !  11  lit l i j  ll  h;:i!;;;:;三..........三ι::jr正正jf正".主三...己J;L斗J;己司J:アi4Jif:j!. 
. けJtJ:i引川叩i1m刊!1引引W!刊刊川川U日川;リ川|円!  ;:山山111H i!~ : i; j·い川.ぺ叫州:汁川Id ~: . ~ .::; I : 1 ~;:i l! 'i::,; :l)j):1ij; 
;'i ,lli:'; ; :; 1 ・ 44Ti
:! ? !!!!! !! !! !l ! !!!!!!!jiij;i jjkiよ :
::il :11::. , :~i:l":: r~ll :i;"']Iirfj 
~OO ~OO 
(d) A/Z=1.95 tuning. (c) A/2=2.00 tuning. 
Fig. 4.24 Typical TOF-? n1aps of 43Ti れlning wi thout the F4 wedge degrader. 
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rf Arnp R=50n Variable C 
f:t ? 
rf Coil: L 
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0539 支93 f 士ð.f Transformer (R-2Q) Variable C 
rf Coil: L 
Fig. 4.26.b Rf systern for the 37K and 39Ca experirnent. 
50 
4.4 ﾟ-NMR apparatus 
(b) A/Z=1.95 tuning. 
4.4.1 Rf systern 
Fig. 4.25 Typical TOF-? maps of 43Ti tuning with the F4 wedge degrader. 
This Rf system is one of the most important parts in the ﾟ-NMR 
technique. The system was slightly different between the 37K and 39Ca cases 
and the 43Ti case. In the case of 43Ti, it is important to rnodulate the frequency 
86 
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widely because of the unknown magnetic moment. In the case of 37K and 
39Ca, we didn't have to modulate the frequency widely since the magnetic 
moments were known. In any case, H1 should be sufficiently 5廿ong to fulfil 
the AFP condition described in Section 3.1.4. 
Both of the rf systems are shown in Figures 4.26.a and 4.26.b. The 
system used for 43Ti experiment (Fig. 4.26.a) is basically a series circuit 
comprising inductance (L) , capacitance (C) and resistance (R). The total real 
resistance was adjusted to R = 50 Q in order to match the impedance. This 
system could be used for wide frequency-modulation, owing to the large 
resistance (50 0.), 
43Ti case 37K and 39C case 
Ho magnetic field 
Circuit 
6.87kG 5.16 kG 
serial LCR serial LCR 
Cen ter frequency 1.0 ・ 1.3MHz 535 kHz for 37K 
2.78 MHz for 39Ca 
30 kHz for 37K 
0.10 MHz for 39Ca 





1 k\-ヘfrf Amp 
H11 however, is limited due to the low Q-factor. At the resonance frequency, 
the peak-tかpeak current induced in this circuit is given by 
一 I 8 P 
Ipp = ¥j 二言 -16 App , (4.22) 
,G ρ」? ?F」+もρ」?σoe ?、EE---Ea?? -20G 
-27μH for 37K 
-16μH for 39Ca 
-30G 
Inductance of rf coil 
上一五_B__ ~ 11?-l Q -f -2 L. .lV (4.21) 
10 or 20 ms 10 ms 
Table 4.3 Summary of the rf conditions for the 43Ti experiment and 37K and 
39Ca experiments. 
when App is the peak-to-peak ampare and a 1 kW rf-amplifier is used. 
The system used in the case of 37K and 39Ca is shown in Fig. 4.26.b. The 
transformer was used between the rf power-amplifier and the resonance LCR 
circuit, so that the impedance could be matched. The main feature of this 
system was a larger H 1, since we could make the resistance (R) smaller than 
that in the former case. The frequency modulation was narrower (see 
Equation (4.21)). R was limited to about 2 0., because of the resistance of the rf 
coil. 
4.4.2 NMR-chamber and NMR-magnet 
The characteristics of these two rf systems are summarized in Ta ble 4.3. 
A typical amplitude of rf coil H1 isshown in Fig. 4.27; H1 was monitored 
using the vol tage between both ends d uring runs. 
The NMR-chamber is made of 3F-Tefron, which is good for a vacuum 
(out gassing is small). A drawing of this chamber is given in Fig. 4.28. 
For the 43Ti experiment, the Pt plate was cooled down to liquid-
nitrogen temperature and then used as a catcher. (See Section 4.4.3 for 
details.) The liquid-nitrogen cryostat is shown in Fig. 4.29. The temperature 
at the catcher center was about 85 K without any rf. With rf (H1 -20 G and 
































































































































































































Fig. 4.29 Schematic view of the liquid-nitrogen cryostat. Pole pieses 
Beam 
the present experiment. By using a cryostat, liquid-nitrogen temperature was 
maintained for more than 8 hours. 
The NMR-magnet used in the present study is shown in Fig. 4.30. Its 
pole faces were designed so as to improve the homogenei ty of the magnetic 
field (H). The shape of the pole face is aIso shown in this figure. The 
characteristics of the magnet are summarized in Table 4.4. The observed 
deviation of the magnetic field is shown in Fig. 4.31. In this figure, the 
deviation in the magnetic field is defined by L1H /H(r::;;O) ( L1H=H(r)-H(r::;;O)) , 
where H(r=O) is the magnetic field at the center of the NMR-magnet. As 
10.5 1.2 
A vertical sectional 
picture of pole pieses. 山一山一川


















...., 1x10・3 @ 2.5 cm from the center 
37.5 
(0.1146 in) Square 




Pole diameter (in) 
Field deviation (ﾟ H/H) 
Conductor size 
Current density (A/in2) 
Maximum Current (A) 
Total No. of coil turns 
Ampere-turn (AT) 
Magnet gap (in) 
Field (kG) 
20 15 10 5 。ー5-10 -15 
ー 10
-20 
2.5 Total coil resistance (Q) 




Fig. 4.31 Deviation of the magnetic field of the NMR-magnet. 
Deviation is defined by ð.H/H(r=ü), ð.H=H(r)ーH(r=ü)・
Cu abωrber (8Ox80 ; thickness 1/8") 
0.15 in C∞ling pipe (I.D.) 
Pole pieses 






Table 4.4 NMR-magnet specifications. 
Anti-cosrnic-ray counter (C) 
--圃'-shown in the figure, the deviation in the catcher region was better than 10-3. 
(The sligh t gradien匂 of the pole faces cause an asymmetric deviation.) The 
Catcher The rnagnetic field was monitored by the proton resonance during the run. 
Fig. 4.32 Typical setup around the catcher. (A vertical sectional figure. ) 
rnonitor point was located close to the catcher, as shown in Fig. 4.28. 
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4.4.3 Implantation media (Fragment catcher) 
To obtain a suitable catcher is crucial for the ﾟ-NMR technique. The 
conditions for a g∞d catcher-material are as follows: 
(i) Relaxation time of nuclear polarization in the material is longer 
than the nuclear lifetime. 
(ii) Finallocations of implanted nuclei is well defined sites. 
(ii) Small NMR-line broadening by possible nuclear quadrupole 
?teractlons. 
(iv) No shift or very small NMR shifts caused by chemical hyperfine 
in ter a ctions. 
(v) Easy to prepare and purchase. 
Ionic crystals with cubic symmetry containing isotopes of the implanted 
nuclei are supposed to satisfy these conditions. For heavier nuclei , as in the 
present case, it is known that since implanted nuclei tend to substitute the 
lattice poin匂 (substitutional site) (MI76), they were located in chemically 
stable sites where the field gradient was very srnall. We have chosen KBr for 
37K and CaF2 for 39Ca, respectively. It is not easy to find such an ionic crystal 
for Ti. TiC (titanium carbolyde), which is not an ionic crystal, was expected to 
be a suitable catcher, since TiC was found to maintain 1/5 of the total 
polarization of 41SC (OH88). However, TiC can be supplied only in the 
granular forrn, and the packing factor is a problem when it is forrned into a 
plate. もへTe therefore didn't use the TiC in the present study. 
In the 43Ti experiment, cooled Pt was used as a catcher material. It is 
known that Pt is very good for maintaining a large polarization in the case of 
415c (5U73). (It ispredicted that the initial polarization of 415c can be 
maintained in the catcher.) Pt is a paramagnetic metal with a fcc structure 
96 
(cubic). Itis thus expected that the initial polarization of 43Ti can be 
maintained. Generally, such metallic samples are good for the catcher 
material. However, we must be careful about spin-lattice relaxation 
phenomena. Because of conduction electrons, the relaxation time (T1) may 
not be long enough at r∞m temperature. That is why we had to c∞1 it down 
to the liquid-ni廿ogen tempera凶re. The spin-lattice relaxation time (T1) is
associated with the temperature (T) by the Korringa relation for a metal 
sample, as described in Section 3.2.1. The relaxation time (Tl) of 43Ti in Pt was 
estima ted as follows: 
(i) Relaxation times of Sc and V in Pt are known (TE74)(岳J80). We can 
simply estimate the relaxation time of Ti in Pt from these examples 
because the Ti was located just between Sc and V in the periodic table. 
(ii) It is well known that relaxation times of Sc and V in Pt are longer 
than those of Sc in Sc and V in V, respectively. yγe can therefore 
expect the relaxation time of Ti in Pt to be longer than Ti in Ti, and 
even predict it since T1 of Ti in Ti is known (NA67). 
The estimated T1 values are summarized in Table 4.5. In the worst case, Tl T 
for 43Ti in Pt can be 120 K sec. Considering the half-life of 43Ti (-0.5 sec), we 
had to cool Pt stopper down to 120 K to make T1 be longer than 1 sec. We 
have succeeded to cool the stopper to -90 K (in the case with rf), as described 
in Section 4.4.2; the minimum T 1 istherefore expected to be 1.3 sec in this 
case. 
The catcher setup is shown in Fig. 4.32. For the 43Ti experiment, a Pt 
catcher was placed on the tip of the cold finger of a liquid-nitrogen cryostat. 
The catchers used for the present study are summarized in Table 4.6. 
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455c 43Ti 49Ti 51V 
7/2 7/2 7/2 7/2 
g-factor + 1.3591) [ 0.20] -0.315 1) +5.14871) 
Q (b) -0.22 1) [ -0.21 ] +0.24 1) ー0.033/ー0.052 1) 
T 1 Texp (pure) (s K) 1.6(1) 2) [ 370(60) ] 150(20) 3) 0.7954) 
T1Texp (in Pt) (s K) 20(3) 2) [ 120 ,.., 4000] [50 ,.., 1500] 2.3(3) 5) 
1) Atomic Data and Nuclear Data Table 42 (1989) 189 
2) Journal of Phys. 50c. Japan 36 (1974) 130 
3) Physical Review 162 (1967) 162 
4) Journal of Phys. 50c. Japan 22 (1967) 238 
5) Journal of Phys. 50c. Japan 48 (1980) 1123 
Table 4.5 Predictions of relaxation-time 43Ti in Pt. 
5quare brackets indicate the prediction values. 
37K 39Ca 
Material KBr CaF2 
Ionic crys tal Ionic σystal 
density 2.1 g/cm3 3.2 g/cm3 
Thickness -0.5 mm 0.3 mm 







(Anti L & R) 
6.8" 
Ligh t-guide 14.5" 
Thickness : 2 rnrn 
(Anti C) 
18 crn - ー
a 
Light-guide 
18 c rn 
Thickness : 1 rnrn 
Fig. 4.33 The anti-cosmic-ray counters. 
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4.4.4 ﾟ-ray detectors 
In order to detect ﾟ-rays ernitted frorn irnplanted nuclei (37K, 39Ca and 
43Ti), a pair of counter-telescopes cornprising three plastic scintillators was 
placed above and bellow the catcher relative to the reaction plane, as shown 
in Fig. 4.32. Each telescope covered a solid angle Q = 0.45 X 21t when the 
magnetic field was of. 
Anti cosrnic-ray counters were used in the case of 43Ti in order to reject 
the cosrnic-ray background which is the rnajor background. The cosrnic-ray 
rate was estimated to be about 1 count/sec for the eHective area of each 
counter telescope (49 crn2). This amounts to about 4 counts/spill (4 sec), 
which can not be ignored compared with the true ﾟ-ray counts from 43Ti (-40 
counts/spill were expected for the case of an Au targetよ The an ticosrnic-ray 
counters were placed in between the ﾟ-counters and the NMR-magnet, as 
shown in Fig. 4.32. The counters are shown in Fig. 4.33. By using these 
counters, the cosrnic-ray background could be reduced by a factor of 10. 
4.4.5 Deri vation of the NMR effect 
In the present study, so-called "8AP mode", was rnanaged for the 
reliable detection of asyrnrnetric ﾟ-ray emission. The angular distribution of 
-ﾟrays frorn polarized nuclei is given by Equation (3.1). The ideal ratio (R) of 
the counting rate is given by Equation (3.10). Considering the geornetrical 
factors of the counters, the fraction of the desired nuclei, the detector solid-
angle and so on, the actual ratio (R/) is given by 




where αis the fraction of ﾟ-ra y coun也 frorn the desired nuclei in the total ﾟｭ
ray counts;ηis a correction factor due to the finite solid angle of the ﾟ-ray 
counters and ?S are the geornetrical factors of the counters. A correction 
factor (η) is defined by 
_Ef a 





where a isdefined by the solid angle .Q (.Q = 2π( 1 ・ cosa ); !(E) denotes the 
Fermi function of ﾟ-rays. If the geornetric asyrnrnetry (ευ / 鶲) gi ven from 
separate measurernents without polarization (which can be obtained frorn the 
depolarization method in the NMR technique) the polarization (P) can be 
obtained. In this rnode, the asyrnrnetry frorn the polarization effect to be 
observed is approxirnately 2αη8!tP， taking the first order of the polarization. 
In the other method used to cancel the geome廿ical asymme廿y (εU/ [D) , 
the direction of nuclear polarization was inverted by rneans of the adiabatic 
fast passage (AFP) rnethod in the NMR technique. Assurning the 100% 
efficiency for the AFP, ratio RII is as follows for the inverted polarization: 
εu (1 -αη 8!t P )εu 
~一一(1・ 2αη 8!tP ) . (4.25) εD ( 1+αη 8!t P) εD 
Upon taking the ratio of Rj and RII, the E'S cancel out, giving 
R1 1+2αη 8!t P 
-1+4αη 8!t P . 
RII - 1-2αη 8!t P (4.26) 
The polarization effect is approxirnately 4αη8!tP in the first order of P in this 
case. 
Since asyrnrnetry rneasurernents with inverted polarization were 
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reversed spin sequence was repeated, as shown in Fig. 4.34. The ratio of R[ 
and RJV is given by 
R[ 1+2αη~p 
石7=1-2αη~p -1 +4αη~p (4.2η 
RF cooling 
ずor2ol -H一日 We thus don't have to worry about the effect of the beam聞fluctuation， since the R[ and RIV are measured during the same beam-count cycle. We can 
make another ratio of Rn and Rm. By combining these two ratios, we can 
obtain the NMR effect free from any possible spurious effects as, 
R R1 Rl11 1 + 4αη~p 
= RIV RII-~ αη ~p -1+8 αη~p . (4.28) 
RF 
Count 
In this case the asymme廿Y is approximately 8α17~P in the first order of P. 
This is why we cal it the "8AP mode". The polarization effect (α17$JP) 
1 IV 1 11 
without an approximation is 
R1/4 -1 
αη ~P= R1/4+1 ・ (4.29) 
+-l砂コ ヶー
440 ms 1860 ms 
←胆+ で二 二工
440 ms 1860 ms 
Spin 
( on Resonance) 
??A什八円什 八什??〈什A竹川 作 4.4.6 Data taking and control system 
Fig. 4.34 Timing chart of the 8AP mode. 
Circuit and block diagrams of the ﾟ-ray detection system are shown in 
Figures 4.35 and 4.36, respectively. The coincidence logic for 
A ( B@B'@L@R@C was created from the signals of the -ﾟcounters and was 
registered by the scalers inside a personal computer. The personal computer 
(NEC's PC9801) was used to read the data accumulated in the scalers, reset and 
above, beam-fluctuation may cause a periodic changing the intensity and/or 
position; it often induce a smal1 spurious polarization effect. In other words , 
any geometrical asymme廿y in the counters can remain uncanceled in the 
case of above the AFP mode. In order to reject asymme廿y， we developed a 
more advanced spin-handling technique. In this technique, the beam time 
was followed by two counting sections. Polarization was then inverted in 
between the two counting section. A pair of beam-count cycles with a 
restart the scalers at the proper timings. The data was analyzed and stored 
into floppy disks by the computer. 
A block diagram describing the control of the rf system is given in Fig. 
4.37. The computer was used to control the time sequence of the rf system, 
102 103 
m・・ー
i.e., to generate the proper timing for the rf time and the cooling time of the 
rf. 
In the present study we used two computers in order to reduce the dead 
time during data accumulation. A flow chart of the program for data-taking 
and rf control is shown in Appendix 6. 
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(Quad delay gate generator) 
to AOC AOC Gate 
UB 
UB' 






























to rf Amp 
Fig. 4.37 Block diagram of rf control system. 
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Chapter 5. Experimental results and discussion 
5.1 Mornenturn distribution of projectile 仕agrnen包
The rnomentum distributions of several projectile 仕agments were 
observed in the energy region around 100 MeV /nucleon. 百letypical rnomentum 
distributions observed for 43Ti are shown in Fig. 5.1, and those for 39Ca and 37K 
are shown in Fig. 5.6. The observed momentum distributions are well described 
by Gaussian curves centered at the momentum corresponding to the primary 
bearn velocity, as the characteristic feature for projectile-仕agmentationprocess. 
It is also noted that no significant low-energy tail can be seen in the observed 
distributions. 
The widths of the distributions were deduced from the observed 
distributions by aχ2 fitting analysis using a Gaussian as a fitting function, 
?(P -po)2 1 
N = A eXD イー ~ ~ 
1 I 2 CJ2 I (5.1) 
where the amplitude (A) and the width (CJ) are fitting parameters, and the central 
momentum (po) is fixed to the momentum coηesponding to the primary beam 
velocity. The obtained widths (typically 3 -5 MeV / c/ A) are listed in Table 5.1, 
and are shown in Fig. 5.2 along with the predictions 仕omthe Goldhaber model 
described by Equation (2.7). In the predictions, the half width of the rnomen加m
window (-1.9 MeV / c/ A) and the broadening due to the target thickness (0.5-2.5 
MeV / c/ A) were taken into account. As can be seen in the table and figure, the 
obtained widths are fairly consistent with the predictions from the Goldhaber 
model. This shows that in the present energy region (...10 MeV /nucleon) the 
projectile-fragmentation process already overtakes the transfer process, which is 
107 
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observed a t lower energies (10-80 Me V / n ucleon), as has also been discussed by 
other authors (GU83). 
6 





We also observed the momentum distributions at different production 
angles for some fragments. The shapes of the distributions were quite similar to 
those observed at 00 , and the widths were almost independent of the production 
angle, as shown in Table 5.1. 
5.2 Angular distribution of projectile fragmen匂
。
。 10 
The angular distributions were observed for several fragments produced 
through collisions with both heavy and light targets, i.e., Au and C. In order to 
obtain the angular distrìbution, it is usually necessary to integrate the 
momentum d?tribution. However, this procedure was not necessary in the 
present case, where the observed momen知mdistributions have similar shapes 
and widths for d?ferent production angles, as already described in the former 
section. The typical angular distributions obtained for 43Ti are shown in Fig. 5.3. 
The observed angular distributions were well described by Gaussian 
distributions as the momentum distributions. 
Fig. 5.2 Experimental widths of the momentum distr?ution. 
Closed and open circles mean the experimental widths (crobs in Table 5.1) and 
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Fromaχ2 fi凶nganalysis of these angular distributions using a function 
similar to Equation (5.1) with po = 0, the widths of the angular distributions were 
obtained (Table 5.2); they shown in Fig. 5.4 along with predictions from the 
Goldhaber model. ( The obtained widths are 1.1 -3.4 deg.. ) In the predictìons, 
the half width of the angle sl? (0.6-1.1 deg.), the broaden?g due to multipleｭ
scattering of the fragments in the target (0.1-0.9 deg.) and the angular spread of 
the primary beam (0.6 deg.) were taken into account (The calculation method to 
obtain the multiple-scattering is shown in Appendix 1-(2).). In the relativistic 
energy region, the Goldhaber model explains not only the widths of the 
2 
Fig. 5.4 Experimental widths of the angular distr?ution. 
Closed and open circles mean the experimental widths (aobs in Table 5.2) and 
theoretical widths without deflection (σTot' in Table 5.2), respectively. Crosses 
mean the theoretical widths with deflection (σTot in Table 5.2). 
110 111 
46Ti 40Ca 40Ca 1ncident nuclei 
C Au Au Au Target 
43Ti 43Ti 39Ca 37K Fragment 
1.1(1) 2.1(2) 3.4(4) 1.9(2) σobs (deg) 
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0.8 1.5 1.2 1.3 σTot' (deg) 1) 5 4 3 2 0 0 
0.9 2.7 2.8 
1) OTot‘= -v(Owid)2 + (σGold)2 + (σωz 
2)σTot =ゾ (σwid)2 + (σGold)2 + (σsct)2 + (σωf )2 
2.6 σTot (deg) 2) Angle (degre) 
(a) 百lecase of Au target 
Table 5.2 Analysis of the angular distribution of 37K, 39Ca and 43Ti. 20 
Here, "obs" rneans the experirnental value of the present 5れldy; "wid", "Gold", 
"sct" and "def" indicate the angular-window width, including broadening of the 
incident bearn on targets (:t10 rnrad), the width frorn the Goldhaber rnodel, the • Yield 
--Theory 
- Fiting 
broadening due to rnultiple scattering inside the target and the broadening due 














rnornenturn distributions of the fragrnen包，but also the widths of the angular 3 2 。 。
distributions. However, the present experirnental widths are significantly Angle (degre) 
broader than the predictions frorn the rnodel, for both heavy and light targets. (b) The case of C target 
This is one of the characteristic features of the projectile-fragrnentation process in Fig. 5.3 Typical an伊lardistributions of the 43Ti fragrnent. 
the present energy region (-100 MeV /u), as shown in other experirnents (BI79). Solid lines denote the best fit frorn Equation (5.1) with po=O.σTot' in Table 5.2 is 
The broad angular distributions of the fragrnents can be understood in 
terrns of the Coulornb deflection in the case of heavy targets, like Au. However, 
used as the theoretical width (dashed lines). 
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Coulomb deflection is not sufficient for explaining broadening in the case of a 
light targe也・ Insuch cases, the attractive nuclear force is supposed to play an 
important role in the deflection of fragments. This leads to the idea of orbital 
deflection of the fragments by a combined Coulomb-nuclear potential of the 
target, as was first introduced by Bibber et al. (BI79) ・ Inorder to unders tand the 
present broadening of the observed angular distributions, the classical deflection 
angles given by the combined Coulomb-nuclear potential were estimated based 
on their idea . 百leWoods-5axon potential with a radius parameter (ro) of 1.2 frn, 
a diffuseness parameter (α) of 0.6 fm, and a well depth (Vo ) of65 MeV was used 
for the nuclear potential; we took Vo from that given by one nucleon in the lowｭ
energy region, since no observation has been made of the present energy and 
mass regions. A point-charge Coulomb-potential and a potential with parabolic 
form were used in the nuclear interior and inside the nucleus, respectively. The 
combined potential is therefore given by 
V O 
V(r) = 1 , ~，，~( ('V'_u 1) ",\ / n '¥+ VcCr) = T + exp( ( r -Reff) / a ) 
and 
附=1 仏竿!_ (Me V) for r > Reff 
Z. Zt r (r 、2l
=0.72 ~ユI 3 -( ~) I for r く Reff
L '-l'ef ) J 11 
(5.2) 
where Zp and Zt are the atomic numbers of the projectile and the target, 
respectively, and Ref is the sum of the nuclear radii of the projec凶e and target 
nuclei. The impact parameter (b) depends on the fragments. We used the 
optimum impact parameters obtained from a calculation involving the abrasionｭ
ablation model. The calculated deflection angles (ー0 . 3 -+2.5 deg.) are also 
summarized in Table 5.2. It is noted that the sign of the deflection angle is 
predicted to be positive for Au target, due to the strong Coulomb field, and to be 
negative for C target due to the relatively s廿ongnuclear force, compared with 
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the Coulomb force. Comparing the theoretical widths, including the deflection 
angle (σTot2)) with the experimental widths (aobs) given in the table and figure" we 
can understand that the broadening is almost explained by the orbital deflection 
due to the combined Coulomb-nuclear potential of the target. 
Although the orbital deflection by the combined Coulomb-nuclear 
potential explains the broad angular distributions, this picture conflicts with the 
conclusions by Wong et al. (W082) and 5ilk et al. (5I88) concerning the sign of 
the scattering angle; they pointed out that the positive-angle scattering is 
dominant, regardless of the target (See Chapter 2.3.). Polarization measuremen也
were required in order to make any conclusive statements concerning this matter. 
5.3 Prod uction cross-sections of projectile 仕agments
The production cross-sections for the fragments were obtained by 
integrating both the momentum and angular distributions. The observed 
production cross-sections for 37K and 39Ca fragments are 4.3 (10) mb, 72 (18) mb 
for Au target, and the observed production cross-sections for the 43Ti fragrnent 
are 0.33 (8) mb and 1.27 (24) mb for Au and C targe匂， respectively, as shown in 
Table 5.3. The predictions obtained from the abrasion-ablation model (HU75) 
and an empirical model by 5ilberberg and Tsao (5173) (The cross-sections are 
calculated by the computer code "FRAGBNL".) are also shown in the table. 百le
predictions for 37K and 39Ca fragments by the abrasion-ablation model (the 
empirical model) are 17 mb (176 mb) and 147 mb (124 mb) for an Au target; the 
predictions for 43Ti fragment are 3.0 mb (14.4 rnb) and 1.7 rnb (7.1 mb) for Au and 
C targets, respectively, as also shown in the table. All of the observed cross-
sections are smaller than any of the predictions. In most situations, the abrasion-
115 
Incident (MeV /nucleon) 40Ca (119) 46Ti (125) 
Target Au Au C 
Fragnent 37K 39Ca 43Ti 43Ti 
σ(Exp) (mb) 4.3(10) 72(18) 0.33(8) 1.27(24) 
σ(FRAGBNL) (mb) 176 124 14.4 7.1 
σ(Abrasion) (mb) 12 161 4.0 2.2 
σ(Abrasion-Ablation) (mb) 17 147 持 3.0 1.7 
FRAGBNL; calculation by the computer code "FRAGBNL" 
Abrasion; calculation based on the abrasion model (HU75) 
Abrasion-Ablation; calculation based on the abrasion-ablation model (HU75) 
円 includingthe cross section of the elec廿omagneticdissocia tion 
Table 5.3 Production cross sections of 37K, 39Ca and 43Ti. 
38K 包.s.) 38mK 
Excitation level 0 恥1eV 0.13 MeV 
N uclear spin 3+ 。+
Transition 3+ =今 2+ 。+=今 0+
Half-life 7.636(18) min 923.9(6) msec 
Branching ratio 99.849(12) % 100 % 
-ﾟrayenergy 2.85 MeV 5.02. MeV 
Table 5.4 ﾟ-decay information for 38mK and 38K(g.s.) (EN90). 
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ablation model fits the data better, except for the three-neutron removal case (46Ti 
一> 43Ti). In this case, the cross-section for the Au target is significantly smaller 
than that for the C target. The target-mass dependence of the cross-section can 
not be reproduced by these models, in which the cross-section increases as the 
target mass. This result suggests that a new process, such as Coulomb breakup 
during fragmentation, plays an important role in the three-neutron removal case, 
in addition to the abrasion-ablation process. 
5.4 Production ratio between the yields of the ground and isomeric states of 38K 
Fragrnents are usually in excited states immediately after a collision. It is 
interesting to study the production cross sections as a function of the excitation 
energies. Although such studies are not easy, and have been rarely done, when 
the 仕agmentsare in an isomeric state, the production cross section can be 
obtained for this state, in addition to the ground state. This may lead to a better 
understanding of excitation after a collision. 
For this purpose, we observed the production ratio of the ground state 38K 
to i也 isomericstate 38mK in a 40Ca on Au collision at 106 MeV /nucleon. They 
were able to be separated by the difference in their βdecay lifetimes. As can be 
seen in the decay properties for 38K and 38mK (summarized in Table 5.4), the halfｭ
lives are 0.93 sec and 7.6 min, for 38mK and 38K, respectively. In the present time 
scale (4 sec), the half-life of the ground state can be treated as a constant 
component in the ﾟ-ray time-spectrum. 
The observed time spectrum is shown in Fig. 5.5. We analyzed the time 
spectrum by aχ2 fitting analysis using a function, 
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the isorneric state to the ground state without other corrections described later 
was thus deduced to be 
(5.4) (38mK / 38K)n.c. = 3.62(24) . 
Although the ﾟ-ray counting time was only 15.4 min, we spent more than 
90 min to adjust the detection circuits, which was long enough to saturate the 38K 
component, whose half-life is 7.6 min. We therefore didn't need to correct the 
pile-up effect on the yield of 38K. However, corrections due to a difference in the 
-ﾟray maximum energy had to be considered. In this experiment, we used a 
strong rnagnetic field (Ho -5.2 kG) in order to increase the detection efficiency of 
βrays. We had to coηect the difference in the effective solid angle caused by the 
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energy also caused a difference in the detection ef白ciency，due to the finite 
2000 1500 1000 500 
threshold energy. The correction factor for these effects was calculated to be 
。(38mK)/.Q(38K) = 1.26(36), where the error came from the ambiguity in the 
Time (ms) 
Fig. 5.5 Typical ﾟ-ray time spectrum of the 38K and 38mK. 
threshold energy of the present ﾟ-ray counting system (1.4(2) MeV). Thus, the 
The solid and dashed lines denote the components of 38mK and the conslant, 
final result including the correction is obtained as 
respecti vel y. 
ρ(38K)/α38mk) × (38mk/38K)n.c. 
(5.5) 2.9 (8) . 
(38mK/38K)corr. = 
一
(5.3) N{it) =いp(-長 t) + A2 , 
The ground and isomeric states are populated after c∞ling down by y-ray 
emission frorn the excited states of 38K. The production ratio thus contains 
where the amplitudes (Al and A2) of the two components are the fitting 
information concerning the initial excitation energy at the collision. According to 
pararneters. In order to obtain the production ratio, the decaying component and 
the abrasion-ablation model, the populations of the excited levels can be 
the constant component were integrated individually over the counting tirne. In 
estimated. In the case of a one-nucleon removal channel, the predicted 
the present observation, cosmic-rays were the major background. From an off-
population decreases sharply with the excitation energy; the population is 
line check, the count rate of the cosrnic-ray background in the present counter 
proportional to(a -Ex), where a denotes a constant and Ex is the excitation 
systern was deterrnined to be 85 (4) counts/min. We therefore subtracted the 
energy. On the other hand, the population has the optimum excitation energy for 
total number of cosrnic-ray counts in the present observation time (15.4 min) 
from the integrated counts for the constant component. The production ratio of 
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three-and more-nucleon removal-channels (Below the particle-emission 
thresholds, the population is proportional to the excitation energy; population 民
Ex.). In the case of 38K, where two nucleons have to be removed from the 
incident 40Ca beam, the population function should be in an intermediate 
situation. Since the energy levels and branching ratios of y-decays have been well 
investigated below the proton threshold-energy for the 38K (EN90), we can 
deduce the ground-isomer production ratio when the population function is 
known. The ratio must therefore be a good testing probe for the population 
function. 
We compared the observed production ratio with that calculated from 
different population functions, as is summarized in Table 5.5. Although the 
decreasing functions (popula tion is proportional to a -Ex as well as exp( -Ex)) can 
favorably explain the experimental value, none of the test functions can explain 
the data coηectly. The reason may be because the portion of the direct 38K 
production is only 1/3 of the total production. The remainder comes from 
proton emission of excited 39Ca and neu廿on emission of excited 39K; the 
population after particle emission is not known. In addition, there may be 
microscopic structure effects, by which the isomeric state becomes more 

















































Table 5.5 Production ratio of 38mK and 38K. 
Ex denotes the excitation energy of the fragment. 
37K 39Ca 43Ti 
Rrem : Particle emission >0.15 >0.76 >0.27;AuJO.26;C 
Rrcm : yrays -0.82 -0.83 -0.74 
Rrcm : Relaxation >0.63 >0.72 >0.65 
Rrem: total >0.08 >0.45 >0.13 
Table 5.6 Remaining factors of the initial polarization for 37K, 39Ca and 43Ti. 
Before discussing the polarization of fragments, the remaining factor 
regarding the initial polarization must be summarized. There are three major 
causes which reduce the initial polarization produced in the projectile-
fragmentation process. Theyare: 
(i) Mixing of the fragmen匂 fed from the other channels by particle 
emission. For example, proton emission (38Ca ー>37K + p) of the 3SCa 
fragments also produces 37K, in addition to the direct production of 37K 
fragments. 
(ii) Degradation of the initial polarization by -ydecay from the excited 
states to the ground state of the fragment. 
(ii) The spin-lattice interaction of implanted nuclei of the projectile 
fragments in the catcher. 
5.5 Reduction of polarization 
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司圃司. 
The first two rapid processes were estimated by utilizing the results from other 
experiments and/or theoretical calculations. The last effect was determined from 
our own experimen tal check. 
We define the remaining factor of the initial polarization (Rrem) by Rrem = 
P / PO , where Po is the amount of initial polarization. 
(i) Particle emission 
The particle-emission processes after the projectile-fragmentation process 
may reduce the amount of polarization, although the sign of the polarization may 
remain unchanged during the process. Since no experimental data exist 
conceming particle emission for the present reaction channels, we estimated the 
remaining factor using the abrasion-ablation model. 
As already described in Section 2.1, according to the abrasion-ablation 
model, we can calculate the excitation energy as well as the production crossｭ
sections of fragments for any reaction channel. The total production crossｭ
sections should include the production through particle em﨎sion from other 
fragments. It is too difficult to estimate the remaining factor of initial 
polarization after particle emission, since we don't know the total spin before and 
after partic1e emission. However, the minimum remaining factor can easily be 
deduced if we assumes the non-polarization of the fragments produced by 
particle emission. Under this assumption, we estimated the minimum remalnlng 
factor (Rrem) from the portion of direct production in the total cross section. The 
obtained results are 0.15 for 37K, 0.76 for 39Ca, 0.26 for 43Ti (C target) and 0.27 for 
43Ti (Au target), respectively, as shown in Table 5.6. In the case of 39Ca, the 
elec廿omagneticdissociation (ED) of 40Ca is inc1uded in particle emission. A 
detailed calculation-method of the ED isshown in Appendix 1 ・ (4).
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(ii) y-deca y 
The reduction of the initial polarization by 千decayis estimated as fol1ows. 
The substate population after aγemission is related to the initial 
population as, 
a(mr) = ヱ I<lt rrρ mi -r町 1 ]; mj > 12 a(mj) , (5.6) 
where λis the multipolarity of the y-decay; suffix i and f represent the quantities 
of the initial and the final states, respectively. The remaining factor of the initial 
polarization (Rrem) is therefore given as 
R陀m = (ー1)λ-Ji-万+1 W( li]i lt ft ; 1λ) }i(2]i+1)(h+1)(2!f+1) , (5.7) (]i +1) ル
where W(]i]i ltlt; 1λ) is a Racah coefficient. Using a direct expression for the 
Racah coefficient, the final form of the remaining factor is given as 
1 Jj( ]i +1)+lf(lf+l)- 入 (λ+ 1 ) 
一 一 (5.8) rem -2 ( J i+ 1 )か
ηle total remaining factor can be calculated using Equation (5.8) for each 
transitions in a decay chain. Among the nuclei studied (37K , 39Ca and 43Ti), only 
the excited states of 37K have been well investigated. For the other nuclei (39Ca 
and 43Ti), the excited states of their mirror paren包 (39K and 43Sc) were used for 
the present estimation utilizing the charge symme廿Yof the nucIear force. 
Information concerning the population of excited states is also necessary in order 
to calculate the remaining factor. However, no experimental data is available. 
We therefore used the following population functions, which are fairly consistent 
with the result from the abrasion-ablation model: 
Population 民 a -Ex 
Population 区 + Ex 
( Ex く 7.5 MeV) for 39K 
( Ex < 7.5 Me V ) for 37K and 43Sc . 
Here, a isthe constant and Ex is the excitation energy. 
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(5.9) 
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(ii) Spin-lattice relaxation effects 
For 37K and 39Ca, we observed the polarization as a function of time 
during a counting time of about 4 sec. The spin-lattice relaxation time (Tl) was 
deduced from the tirne spectra. Since the observed T 1 has some uncertainty due 
to the imperfect achievernent of AFP, we can know at least the rninimurn value of 
the spin-la抗icerelaxation time. The minimurn Tl was obtained to be 3 sec for 
both 37K in KBr and 39Ca in CaF2・
The spin-lattice relaxation time for 43Ti in cooled Pt was estimated as 
described in Section 4.4.3, instead of using experimental Tl , since the statistical 
error is too large to deduce Tl ・ Theestirnated spin-lattice relaxation time of 43Ti 
in cooled Pt (T -90K) is larger than 1.3 sec. 
The remaining factor due to the spin-lattice relaxation was calculated 
according to 
By rnultiplying the remaining factors in (i) -(iii), the total remaining 
factors can be obtained (0.08 for 37K, 0.45 for 39Ca and 0.13 for 43Ti), as 
summarized in Table 5.6. Itis noted that the factors indicate the rninimum values 
in terms of the above discussions. 
Thus the remaining factors, considering the reduction due to )'-decays, are 
0.82 for 37K, 0.83 for 39Ca and 0.74 for 43Ti, respectively (Table 5.6). 





























The fragment polarization of 37K and 39Ca produced through the 40Ca on 
Au collision at 106 MeV /nucleon was observed at production angles of around 
the classical grazing angle. 
The rnomentum window was:!: 0.9 MeV / c/ A and:!: 1.7 MeV / c/ A, for 37K 
and 39Ca, respectively. The momenturn dependence of the fragment polarization 
was rneasured at a production angle fJ = 2 . 00 士 0.60， as shown in Figure 5.6. 百le
experimental results are also surnmarized in Table 5.7. Here, the sign of the 
polarization parallel to Pi Xp! isdefined as being positive, where Pi and P! are the 
mornen凶mvectors of incoming and outgoing particles. To extract the 
polarization, we considered the corrections due to an adrnixture from other 
fragrnents as well as the finite detection angle. The fraction (α) of true 件rayswas 
determined from an analysis of the ﾟ-ray tirne叩ectra (typically， α-0.5 in the 
high-mornenturn side and α-0.9 in the low-momentum side); the correction 
factor (η) for the finite detection angle of the ﾟ-ray counters was estimated from 
the geometry of the detection system, while taking into account the 廿ajectories of 
-ﾟrays in the high magnetic field (Ho-5.2kG) between the catcher and the 
detectors (η-0.63 for 39Ca and η-0.62 for 37K.η1e slight difference between 39Ca 
and 37K results from the differences in the ﾟ-ray maximum energies as well as the 
threshold of the ﾟ-ray counters.), as described in Sections 4.2.5 and 4.4.5, 




where P(t) and Y(t) are the polarization and yield as functions of time, 
respectively;τis a lifetime of implanted nuclei. The obtained remaining-factors 
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The open circ1es are the relative yields of The closed circles are polarization. 
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solid lines represent the calculated polarization by a sirnple rnodel multip1ied 





and ・0.57for 39Ca and 37K, respectively, as described in Section 3.1. These 
corrections are also listed in Table 5.7. 
The polarizations of 37K and 39Ca fragments were also measured at other 
production angles of (} = 1.50 and 2.50. The angular window was :t0.60 • The 
momenta were set to the low-momentum side (421.7:t1.7 MeV / c/ A) for 37K and 
the high-momentum side (429.5土2.3MeV / c/ A) for 39Ca. The results are given in 
Fig. 5.7, and are summarized in Table 5.7 with the corrections. It was confirmed 
that in the case of 39Ca the absolute sign of the observed polarization is reversed 
at the opposite production angle, as shown at the bottom in the figure (by a circle 








The observed fragment polarization was positive in the higher momentum 
side of the fragment distribution, and was negative in the lower momentum side, 
for both 37K and 39Ca. This trend remained unchanged at the other production 
angles. The observed trend in the momen凶mdependence of the polarization is 
the same as that observed for the projectile-like fragments in heavy-ion collisions 
at much lower energies (~10 MeV /nucleon) around the quasi-elastic peak, where 
the transfer process is dominant (SU77). The same trend has also recently been 
reported in the polarization of a projectile-like fragment (12B) produced in 14N + 
Au collisions at an intermediate energy (40 MeV /nucleon) (AS90). 百lUS， the 
fragment polarization around the quasi-elastic peak persistently showed the 
same trend over a wide range of projectile energies for various projectile masses 
and numbers of nucleons removed from the projectile. 
ln order to explain the observed trends regarding fragment polarization, a 
simple projectile 台agmentationmodel (described in Section 2.4) was applied. 
This model assumes a participant-spectator mechanism regarding the 












Fig. 5.7 Angular dependence of the polarization for 37K and 39Ca. 




scattering for the fragmentsr the observed trend in the momentum dependence of 
the fragment polarization is qualitatively accounted for by the modelr as shown 
by the solid line in Fig. 5.6. Assuming negative-angle scatteringr the sign of 
predicted polarization is completely reversed and can not reproduce the 
experimental polarization. It is thus concluded that the major mechanism of the 
polarization is the orbital angular momentum carried prior to the collision by the 
part, which is to be detected as the fragmentr and left in the part after the sudden 
abrasion of a few nucleons in the framework of the participant-spectator picture. 
It also became clear that the polarization mechanism seems to be similar for 
quasi-elastic or projectile-fragmentation process, regardless details concerning 
the reaction mechanism. It was also shown that fragment polarization can be an 
excellent probe for the sign of scattering angle. As is already mentioned, the sign 
ofsca仕eringangle was determined to be positive in the case of the Au target. 
Although the qualitative trend in the polarization was quite well by the 
simple projectile 仕agmentation model, absolute amount of the experimental 
polarization was roughl y 1/20 of the prediction for both cases. We considered 
possible mechanisms to reduce the initial polarization, as described in the former 
section. The total remaining factor could be larger than 0.08 in the case of 37K 
and 0.45 in the case of 39Ca. It is noted that the predicted remaining factors have 
to be considered as minimum values because the assumption of no-polarization 
in the nuclei produced through particle emission of the other fragmentation 
channels seems to be too restrictive. We thus found that the experimental 
polarizations are smaller than the predicted values even after corrected 
depolarization effects. In order to explain the quenching, contribution from the 
scattering with opposite sign must be mixed in the main scattering component. 
130 
5.7 Polarization of 43Ti produced through the 46Ti on Au and C collisions 
The polarization of the 43Ti fragment produced through 46Ti on Au and C 
collisions at 108 MeV /nucleon was observed. The production angle was set to 
2.00:t 1.10 and 1.50 i 0.60 for Au and C targets, respectivelYr and the momentum 
window was set to i 2.6 MeV /c/ A and 士 2.0MeV /c/ A for Au and C targe匂，
respectively. Typical ﾟ-ray yield was about 2 counts/spill(4 sec) and 50 
counts/ spill for the Au and C targets, respectively. The observed rnomenturn 
dependences of the polarization for both targe也 areshown in Fig. 5.8 and Table 
5.8 along with a list of corrections (the fraction αand the correction factor η) and 
the asyrnme廿yfactor. Here, the sign of the polarization parallel to Pi X P! is again 
defined to be positive. 百四 fraction (α:) of true ﾟ  rays was deterrnined frorn an 
analysis of the ﾟ-ray-tirne spectrum. Typicallyαwas about 0.4 in the high-
momentum side, and αwas about 0.7 in the low-momentum side. The correction 
factor (η) for the finite detection angle of the ﾟ-ray counters was estirnated 仕orn
the geometry of the detection system, taking into account the trajectories of ﾟ  rays 
in the high magnetic field (Ho-6.9 kG) between the catcher and the detectors 
(η-0.58) ， as described in Sections 4.2.5 and 4.4.5, respectively. The asyrnrnetry 
factor (c9!t) was empirically estimated to be -0.72, as described in Section 3.1. 
In the case of the Au target, the observed polarization was positive for the 
higher side of the mornentum distribution, and was almost zero for the lower 
side. The tendency regarding the observed polarization is sirnilar to that 
observed for 37K and 39Ca produced through the 40Ca on Au collision, indicating 
that the sign of scattering angle is positive. It is shown that the general tendency 
concerning the fragment polarization is similar to heavy-ion collisions on a heavy 































































Momentum (MeV /c/ A) 
(a) The case of Au target. The line indicates the prediction based on a sirnple 


































































Momentum (Me V / c/A) 
(b) The case of C target. The dashed line indicates the prediction based on a 
sirnple fragmentation rnodel and scaled by factor of 1/20. Srnall energy loss 







































Fig. 5.8 Momenturn dependence of the polarization for 43Ti. 
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On the other hand, in the case of the C target, the observed polarization 
was negative for the center region of the momentum distribution, and almost 
zero for the lower side. This decreasing momentum dependence of the 
polarization is in con廿astwith the cases of 37K and 39Ca produced with the Au 
target.百üsreversed tendency suggesぉ negative-anglescattering for the 
fragment. 
The theoretical polarization was calculated using a simple projectile 
fragmentation model described in Section 2.4 as shown in Fig. 5.8. The 
theoretical polarization was scaled by factor of 1/10 in the case of the Au target 
and 1/20 in the case of the C target, respectively. After factorization , the model 
explained the data well in the case of the Au target. In the case of the C targe仁
the negative-angle sca抗eringand a slight energy-loss ( 2.5 Me V / c/ A ) had to be 
assumed to explain the data. This assumption seems to be reasonable since the 
contact time for the component of the negative-angle scattering must be longer 
than that for the component of the positive-angle scattering. Amount of the 
experimental polarization (-1/10 for Au target and -1/20 for C target) may be 
explained by considering the depolarization mechanisms, mainly due to particle 
emission after excitation by the collisions, as shown in Table 5.6. The total 
remaining factor of the initial polarization for 43Ti is larger than 0.13 in the table. 
However, again, the predicted remaining factors ha ve to be considered as the 
minimum values (see previous section). 百le experimental polarization is thus 
smaller than the predicted value even after corrected the depolar包ation effects. 
In order to explain the quenching, the contribution from the scattering with 
opposite sign must be mixed in the main scattering component by about 50% 
level. One may claim that the amount of polarization in the case of the C target is 
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less than that in the case of the Au target. This sugges匂 thatthe mixing is 
stronger in the case than the case of the A u target. 
5.8 Scattering-angles in the projectile-fragmentation process 
The present results concerning the momentum dependence of the 
polarization show positive-angle scattering in the case of a heavy target (Au) and 
negative-angle scattering in the case of a light target (C) in the framework of a 
simple projectile fragmentation model based on the participant-spectator pic旬re.
The results are quite consistent with the signs of the scattering angle predicted 
from a simple Coulomb-nuclear field of the target as discussed in Section 5.2, 
which also accounts for the broadening of the angular distributions. 
We considered possible rnechanisrns that would cause a reduction in the 
initial polarization. From the quantitative cornparison between the theoretical 
and experimental polarization, we found the quenching of the experimental 
polarization. In particular, in the case of 43Ti produced with the C target, the 
amount of observed reduction factor, -1/20, was clearly smaller than the 
predicted value; i.e., >0.13 (the minimum remaining factor). The mixing of 
components from positive-and negative-angle scattering can be the most 
reasonable explanation of the discrepancy. The component of the negative-angle 
scattering has a slight energy-loss, which is explained by the contact time in the 
component of the negative-angle scattering longer than that in the component of 
the positive-angle scattering. If the component of positive-angle scattering has 
no・energy loss, these two components mix around the optimum momen凶m.
Thus, the polarization decreases around the optimum momentum, since the 
polarization of the component of positive-angle sca仕eringis expected to be close 
to zero around the momen tum. On the other hand, the shift of the momen札1m
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distribution is srnaller than the shift of the zero crossing point in the polarization, 
and rnay not be detected in the present rnornenturn distribution. This pic加reis 
consistent with the prediction based on the rnicroscopic sirnulation rnethod 
described in Section 2.4. 
In particular, in the case of 39Ca, the arnount of observed reduction factor, 
-1/20, was rnuch srnaller than the prediction with the depolarization correction 
(>0.45; frorn the rninirnurn rernaining factor). Furtherrnore, in this case, the 
amount of polarization in the lower momenturn side (-0) is srnaller than that 
observed in the higher rnomentum side (-1/20), as shown in Fig. 5.6. A simple 
mixing of the components of both signs can not explain the asymrne廿y. An 
unexpectedly large contribution of the other polarization mechanisms, such as 
frictional force which was important for the polarization phenomena in deep 
inelastic col1isions at low energies of around 10 MeV /nuc1eon, may play an 
important role in the present asyrnme廿y.
The results conceming the signs of the scattering angle in the present 
s札ldy s廿onglysupport the idea of orbital deflection originally introduced by 
Bibber et al. (BI79). The present conc1usion conflicts with the conclusion reported 
by Wong et al. (W082) and 5ilk et al. (5I88), who clairned positive-angle 
scattering for both heavy and light targets by considering the Coulomb final-state 
interaction and the final-state interaction, respectively. 
3へ10nget al. c1aimed that negative-angle scattering for light targets can not 
reproduce the ZF (the atomic number of the fragment) dependence of the angular 
width. However, it rnight be possible that the components from the negative-
and positive-angle scattering are mixed due to various reasons, and that the 
component of positive-angle scattering determines the total ZF dependence of the 
width. Thus, the theoretical prediction of the ZF dependence according to the 
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Coulornb final-state interaction rnust be improved so that it can be applied also to 
such a rnixed case. 
The rneasurements of Wong et al. and 5ilk et al. had less sensitivity for 
deteπnining the sign of the scattering angle than our measurernents and were 
rough since they didn't observe the rnain component (8 -00). Their assurnption 
was also rough since they neglected the contribution of the participant come 
from the target nuc1eus. Thus, they might be led to the wrong conclusion. 
However, it is noted that the production-angles in their experiments (20 < 8 < 80) 
are different frorn those in our experiments (8 -20 for Au target and 8 = 1.50 for 
C target). Therefore, the conflicting situation regarding the sign of the scattering 
angle may suggest the angular dependence of the sign. For a conc1usive 
discussion, precise measurements of the angular distributions in the region 8 く





Chapter 6. Future prospects: 






(a) Experimental magnetic moment 
As a first step to extend our study, the present technique used to 
polarize radioactive nuclear beams was applied to a study of the magnetic 
In the application, we observed the moments for f7/2 shell mirror nuclei. 
-30 
0.8 
NMR on the 43Ti fragments produced through the 46Ti on Au and C 




For the Au target the production angle was set to 2.0 :t1.10; the 
Fig. 6.1 Observed NMR spectrum of 43Ti in the case of Au target. 
momentum window was set to the higher momentum side (458.4 :t 2.6 
MeV /c/ A). For the C target the production angle was set to 1.5 :t0.60; the 
momentum window was set to the optimum in the momentum distribution 
(455.2 :t 2.0 MeV / c/ A). For both cases, the static magnetic field was set to 
10 
Ho=6.87 kG and a Pt catcher, which was cooled down the liquid-nitrogen 







The observed NMR spectra for the cases of Au and C targe包 are shown 
For the case of the Au target, it was not in Figures 6.1 and 6.2, respectively. 
sufficient to determine the magnetic moment of 43Ti because of poor statistics. 
For the C target, in order to determine the rnagnetic mornent, we sumrned 
A bump the wide and narrow frequency rnodulation, as shown in Fig. 6.3. 
-10 From the can be seen in the high-frequency region in the spec廿um .
-15 
0.8 
resonance frequency (/=(1.27 :t 0.03) MHz) the magnetic moment of 43Ti was 
1.5 1.4 1.3 1.2 1.1 1.0 0.9 
determined as follows: 
Frequency (MHz) (6.1) |μI = 0.85 (2) nm . 
Fig. 6.2 Observed NMR spectrurn of 43Ti in the case of C target( wide and 
narrow frequency rnodulation. ).
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Although the sign of the magnetic moment was not determined, the 
sign was predicted to be negative from shel1-model calculations as well as the 
systematics of the mirror nuclear moments. 
In order to obtain the corrected magnetic momen t, we must consider (i) 
The Knight shift is the Knight shift and (ii) a diamagnetic correction. 
Since the Knight expected to be close to that of 41Sc implanted into Pt (SU73). 
shift of 41SC in Pt is known to be in the order of 10・4 from a recent study ω.F 
(札1190) ， the Knight shift of 43Ti in Pt is also expected to be of the order of 10-4, 
The diamagnetic correction which is much smaller than the present error. 寸.F was found to be σ= + 1.66 x 10・3from theoretical calculations which included 
the relativistic effects (J083), assuming the charge state Ti4+. 百1Ìs is also 
negligibly small compared with the error in the present magnetic moment. 
We therefore adopt the value in Equation (6.1) as the magnetic moment of 
43Ti. 
(b) Comparison with theoretical predictions 
The present magnetic moment (μ= (ー) 0.85 (2)μN) greatly deviates from .,--
.,--





To see it more configuration mixing and/or meson exchange currents. 
??
clearly, isoscalar and isovector moments were extracted frorn the present 
moment of 43Ti and the known rnagnetic moment of 43Sc (Table 6.1). 。.0
The obtained isovector moment is largely quenched frorn the Schmidt 






































hand, the obtained isoscalar moment is close to the Schrnidt value (Oexp - ・ 3。。J寸c.o 
It is thus shown that the effects due to configuration mixing and/or %). 




A Nuclei Iπ μs (nm) μexp(nm) Isoscalar momen t (三 μ(p・odd) +μ(n・odd) ) 
39 39K 3/2+ + 0.124 + 0.392 1) A Schmidt Model o:l'stc.m 0:2・ nd.c.m. o:ex o:Total. o:Exp. A 
39Ca 3/2+ + 1.148 (+) 1.022 1) (nm) (%) (%) (%) (%) (%) (%) 
2μ(0) + 1.272 + 1.414 
39 + 1.272 IBA + 12.5 + 3.0 + 15.5 + 1.2 + 4.3 
2μ(1) -1.024 -0.630 
T.K. + 9.9 -1.1 + 8.8 -2.4 
41 41SC 7/2・ + 5.793 (+) 5.431 2) 41 + 3.880 IBA + 2.9 -2.7 + 0.2 -1.1 + 1.3 
41Ca ア/2・ ー 1.913 -1.5951) T.K. + 0.3 -1.9 -1.6 -0.5 
2μ(0) + 3.880 + 3.836 
43 + 3.880 Cむ + 0.9 フ フ + 0.9 -2.8(10) +3.7(10) 
2μ(1) + 7.706 + 7.026 
RI + 0.7 フ フ + 0.7 +3.5(10) 
43 43SC 7/2- + 5.793 + 4.62 (4) 1) Rleff -3.2 ー0.4(10)
43Ti 7/2- -1.913 (ー) 0.85 (2) 3) 
Isovector momen t (三 μ(p-odd) ー μ(n吋d) ) 
2μ(0) + 3.880 + 3.77 (5) 
2μ(1) 
A Schmidt 恥10del O:l'stc.m. 0:2'nd.c.m o:ex o:Total. o:Exp. ?
+ 7.06 + 5.47 (5) 
(nm) (%) (%) (%) (%) (%) (%) 
1) ; (RA89) 2) ; (MI90) 3) ; Present result 
39 -1.024 IBA + 42.2 -48.3 -6.1 -38.5 + 32.4 
2μ(0) 三 μ{p-odd) +μ(n-odd) 
T.K. + 40.8 -64.8 -24.0 + 14.5 
2μ(1)三 μ(pゃdd) ・ μ(n-odd)
41 + 7.706 IBA -23.1 + 19.9 -3.2 -8.8 + 5.6 
Table 6.1 Magnetic moments of A=39, 41 , 43 mirror nuclei. 
μ(0) and μ(1) are the isoscalar moment and the isovector moment, respectively. 
T.K. -20.8 + 19.8 -1.0 + 7.8 
μs and ~exp denote the Schmidt value and the experimental value, 43 + 7.706 仁氾 -29.7 
フ フ -29.7 ー29.0(5) ー0.7(5)
respectively. 
RI -32.7 ? ? -32.7 -3.7(5) 
Rleff -29.6 ー0.6(5)
For more precise discussions, we introduce the correction from first- 0=(μ-μs) /仇 ð 三( Total -Exp. ) 
order configuration-mixing. The results are summarized in Table 6.2, where IBA ; (AR88) ,. TK; (T083), OG; (OG89) ,. RI; (RI91) 
the calculations by Ogawa et al. and Richter et al. (see Appendix 2.6) are used. Table 6.2 Theoretical and experimental magnetic moments of mirror pairs in 
The quenching in the isovector momen t can be well explained by first-order A = 39, 41 and 43 systems. 
configuration-mixing (街、tC.m. - ・ 30 %). This suggests that the amount of the 
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second-order configuration-mixing and the rneson exchange currents must be 
completely canceled in the isovector moment, similar to the case of the A=41 
system (?2'ndc.m. ，..，・ 20 % and ?ex" + 20 % in the A=41 system, as shown in 
Table 6.2). 
On the other hand, in the isoscalar moment of the A=43 system, we 
found a small, but non-negligible, deviation (.1) between the experimental 
value and a prediction which inc1uded first-order configuration-mixing (.1 = 
(ﾔyheory -8exp) ,.., + 3 %). For the isoscalar moment in the A=39 and 41 systems, 
by considering second-order configuration-mixing and meson exchange 
currents, the deviation between the experimental and 5chmidt values could 
be accounted for quantitatively, as shown in the Table 6.1. Thus, the 
deviation of the isoscalar moment in the A=43 system (.1 ,.., + 3 %) suggests the 
importance of second-order configuration mixing and/or meson exchange 
curren ts in the isoscalar momen t.
For a conclusive discussions which inc1ude the interesting quark-
deconfinement effect (MI90), precise measurements and calculations of the 
rnagnetic mornents in the A=43 system are necessary. 
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Chapter 7. Conclusion 
106 MeV /nucleon 40Ca bearn and 108 Mev /nucleon 46Ti beam were 
used to bombard Au and C targe也. The spin polarization as well as the 
momentum and angular distributions of the projectile fragments (37K, 39Ca 
and 43Ti) were measured at forward angles (8 ,.., 20). From measurements of 
the momentum distributions, it was confirmed that the participant-spectator 
picture is effective for the prediction of the observed widths in the 
distributions. The widths reflect the Fermi motion of the nucleons inside the 
nucleus (the Goldhaber model). The observed widths of the angular 
distributions, however, were broader than those predicted from the 
Goldhaber model. This broadening was the unsolved problem for the s加dy
of the reaction mechanism in the present energy region. The broadening of 
the widths strongly sugges包 the importance of the interaction between 
colliding nuclei and/or that between the participant and the spectator 
fragment. 5ince the conventional measurements such as the angular 
distribution had the limit for the further investigation of the rnechanism, we 
introduced a new observable; i.e., the spin polarization which is expected to 
probe the sign of the scattering angle. 
The observed trend in the momentum dependence of the fragment 
polarization was qualitatively accounted for by a simple fragmentation model 
based on the participant-spectator picture assuming either positive-or 
negative-angle scattering. 50, it was found that the rnajor polarization 
mechanism is the orbital angular rnornenturn left in the spectator fragment 
by the sudden disappearance of the nucleons. It was also shown that the 
fragment polarization is an excellent probe for the sign of the scattering angle. 
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From the precise measurement of the polarization, the sign was determined 
to be positive in the case of the Au target and negative in the case of the C 
target. 50, it is concluded that the positive-angle sca抗ering by the relatively 
S廿ong Coulomb potential is the main component for the case of the Au target 
and the negative-angle scattering by the nuclear attractive potential is the 
main component for the case of the C target, where the Coulomb potential is 
negligibly small. For the quantitative comparison between the measured 
angular distributions and the theoretical ones, orbital deflection due to the 
simple combined Coulomb-nuclear field of the target was calculated. As a 
result, the combined Coulomb-nuclear field almost accounted for the 
experimental broadening of the angular distributions. 
By considering possible mechanisms for reducing the initial 
polarization up to the maximum, reduction of the amount of polarization 
may be explained in the case of the Au target at the first glance. However, it is 
noted that the predicted remaining factors have to be treated as minimum 
values because the assumption of no-polarization for the nuclei produced 
through particle emission from other fragment channels seems to be too 
restrictive. We thus found the quenching of the fragment polarization. In 
order to explain the quenching, contribution from the sca社ering with 
opposite si伊1 must be mixed in the main sca仕ering component. In the case of 
the C target, the mixing is stronger than the case of the Au target. 
For the light target, the present conclusion; i.e. , the negative-angle 
scattering by the nuclear potential, disagrees with the conclusions reported by 
other authors given based on an analysis of the angular distribution using 
Coulomb final-state interaction. In their discussion, the ex廿apolation from 
the large-angle component (20 く ()< 80) in the angular distribution was too 
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rough for determining the sign of the scattering angle. For the conclusive 
discussion, it is also necessary to consider the mixing of the components from 
the positive-and negative-angle scattering even in their case. 
As an application of fragment polarization, we have measured the 
magnetic moment of 43Ti. The preliminary result shows the s廿ong effects 
due to configuration mixing and/or meson exchange currents. We discussed 
the isoscalar and isovector moment for the A=43 mirror pair in terms of this 
measurement. In the isoscalar moment, the observed value is close to the 
5chmidt value, but slightly deviates from the value determined by a shell-
model calculation which included first-order configuration-mixing. Further, 
in the isovector moment the observed value is found to be greatly deviated 
from the 5chmidt value, but well reproduced by the shell-model calculation. 
It is therefore suggested that the second-order configuration-mixing and the 
meson exchange currents play important roles in the isoscalar moment for 
the A=43 system. 
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Appendix 1. Atomic and nuclear interactions of high-energy 
heavy-ions with matter. 
(1) Energy-loss and range 
When a heavy ion passes through matter, it collides with atoms in 
matter so many times and that it 10ses energy. This energy 10ss is given by 
Bethe's formula (AH80): 
dE 4π N Z12 e4 Z2 1 , f 2me c2 ﾟc2 1 司 Cδl
dx = me c2A ﾟi -lln l 1(1~- cﾟ;) J -ßc2 ・ Z ・ "2 + M -Bnr + 刊 l
(A.1.1) 
Here, M is the Mott term, which accounts for the finite size of the charge 
distribution; Bnr and Brc are B10ch terms used to properly describe electron 
binding in close-collision events， δ/2 denotes the density effect, J denotes the 
low-velocity Barkas effect, C / Z2 denotes the inner-shell corrections, Z1 and Z2 
are the nuclear charges of passing ions and atoms in the material, 
respectively. Further, e and me are the charge and mass of the electron 
respectively, cﾟ isthe velocity of the ion, N is the number of atoms per unit 
volume, and 1 isthe mean ionization energy of the atoms in the material. 
This formula can be approximated by Equation (4.16), since the value in the 
square brackets is not very large. 
Using the stopping power, the range for an ion having a kinetic energy 








Since this range formula is very complicated, the next approximation is 
helpful in calculation in some cases (DU86): 
A.l 
A 
R = k Z2 Er + C A . (A.1.3) 
Here, k, r and C are constan也 which depend only on the stopping rnaterial, 
and the unit of E isenergy per nucleon. Frorn this equation, Equation (4.5) 
can be easily deduced. 
(2) Multiple scattering 
Collisions with stopping rna terials can cause a broadening of the 
angular divergence of fragrnents. This is known as rnultiple scattering. 
Several theoretical studies are available for high-energy ions. We used a 
much sirnpler formula to estirnate the rnultiple scattering of the ions (P A84): 
14.1 (MeV /c) _ rてでアー I _ 1 d l ぱめ =J Z1V d/Lr|1+ ヲ logL. 1 , (A.1.4) ¥f Pi ﾟi P! ﾟ! L" ~r _J 
where d/ Lr is the thickness (in radiation lengths) of the scattering rnediurn. 
This formula gives the standard deviation of the intensity per solid 
angle in terms of the radiation length (Lr). Pi and P! are the momenta and ﾟi 
and 舟 the veloci ties of the ion before and after a degrader 
For a hornogeneous rnonoatornic rnediurn (Z > 5) the radiation length 
is given by 
1 Z2 
τ= 716.405 A X 
(/1M15\1/ 間)ln( 一矛7了]+ Z ln[ iJ? ]-1.202 a2 Z2 + 1.0369 a4 Z4 -
1 +α2 Z2 
1.008α4 Z6 
(A.1.5) 
where Z and A are the atomic number and weight of the mediurn and αis 
the fine-structure constant. 
(3) Charge-state distributions 
Generally, targe包 or degraders are sufficiently thick to ensure charge-
state equilibrium. It can be desirable to know the charge-state distributions of 
A.2 
heavy ions after passing through the rnaterial. The σoss sections for the loss 
and the capture of electrons are generally difficult to calculate, though the 
sorne ernpirical forrnula and experirnental data are available. Ernpirically, the 
hydrogen-like atorn is dorninant at 
V ,._ Vo Z., (A.1.6) 
where Vo is the Bohr velocity ( = c/137 ) and Z is the atornic number of the 
passing nuclei (SP81). Experimentally, for the case of Ar ions, fully stripped 
ions are dorninant above 30 MeV /nucleon, and hydrogen-like is dominant 
around 12 恥feV/nucleon (SH86). 
(4) Electromagnetic dissociation 
In the high-energy region, dissociation by the elec廿omagnetic force can 
not be ignored. The cross section (σEO) of the elec廿omagnetic dissociation 
(ED) of heavy ions is given by (BE75) 
RD=;P4E)σGDR(E) dE , (A.1.η 
where N -,(E) is the virtual photon spectrum and σGDR(E) is the cross section 
for the giant dipole resonance.σ'CDR(E) can be approxirnated as a Lorentian, 
and is given by 
σGDR(E) = σm 
1 + ( E2 -Em2 )2/ ([2戸) (A.1.8) 
The value of σm is given by 
[π 竺b?_σGDR(E) dE = 2" σ'm T= 60ゴナ (MeV mb) (A.1.9) 
The droplet-model prediction of the mean resonance energy (Em) is 
Em = 167.23 Ap-l/3 (1.959 + 14.074 Ap-1/3 )-1/2 MeV . (A.1.10) 
A.3 
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(For the case of 40Ca， σGDR(E) has been measured within a finite energy 
(VE74). We therefore used experimental values asσ'mJ r and Em in this case.) 
For light projectiles and targe匂， the fragmentation process dominates 
the total cross section, and electromagnetic dissociation may be neglected. For 
heavy projec凶es and targets, however， σEMD becomes of the same order of 
magniれlde as the nuclear reaction cross sections. 
A.4 
Appendix 2. Nuclear magnetic moment 
Studying magnetic moments is one of the oldest fields in nuclear 
physics, and is stil a challenging field. The magnetic moment is not only the 
most strict testing probe for nuclear-structure models, but is also a probe for 
norトnucleonic degrees of freedom. The magnetic moments of, especially, 
light mirror nuclei have been vigorously studied, due to their simple nuclear 
structure. The magnetic rnoments of alrnost al nuclei in mirror nuclei below 
A=41 are presently known and have been studied theoretically in a non-
relati vistic framework. 
Relativistic and quark models have recently been vigorously studied. 
It is now important to calculate the magnetic moments in terms of these new 
nuc1ear models. Such a抗ernpts rnust be referred to. Calculations of the 
rnagnetic rnornent of 43Ti, which is a major object of this thesis, are also 
described in this section. 
A.2.1 General formula of nuc1ear magnetic mornent 
The nuclear magnetic rnornent is defined as the expectation value of a 
rnagnetic rnoment operator (μ) for the state of the rnaximum z-projection, i. e ・ r
μ=< 合 |μ| 匂>・ (A.2.1) 
In this equation， μis the operator of the magnetic rnoment and φ1 is the wave 
function of the nucleus for the m=j state. We can also write μas 
μ =g μ0 1 ， (A.2.2) 
where μo is the nuclear magneton and 1 isthe nuclear spin. We call the g in 
this equation the g-factor of the nucleus. 
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A.2.2 Sing1e particle rnodel 
Frorn the stand-point of the shell rnodel, the operator of the rnagnetic 
mornent is given by 
A 
μ=的ヱ(gllj + gsi Sj) , (A.2.3) 
where ljand Sj are the operator of the orbital angu1ar rnornenturn and the 
intrinsic spin respective1y; gz and gs are the orbital and spin g-factors. For a 
free nucleon, these g-factors have the following values: 
gf= 1.0 
g? = 5.585 
gln = 0.0 (A.2.4.a) 
gsn = -3.826 . (A.2.4.b) 
To extract the rnagnetic rnornents frorn Equation (A.2.1), we need wave 
functions of the nucleus. In the non-relativistic frarnework, they are obtained 
by s01 ving the fol1owing Schr凸dinger equa tion: 
3eﾘr= Eφ1 , (A.2.5) 
where 3e= ヱ(む山内)
Here, Vj/r) is the twかbody nuclear potential. Since the two-body nuclear 
potential is not wel1 understood, it is very difficu1t to so1ve this equation 
without any assurnptions and/or approximations. 百四 two-body nuclear 
potentia1 is thus usually replaced by a one-body average potential. If we adopt 
the Woods-Saxon potential as the one-body nuclear potential, we can solve 
Equation (A.2.5) rnathernatical1y. We can thus obtain nucleus wave 
functions. 
In the sirnplest forrn of the shel1 rnodel, the single-particle rnodel, the 
nuclear spin is supposed to be deterrnined according to the angular 
rnornenturn (1) and the intrinsic spin (s) of the 1ast odd nucleon, 
A.6 
I=j=l+s. (A.2.6) 
Based on this assurnption, Equation (A.2.3) can be rewritten sirnply as 
μsp = ( gzJ + ( gs -gl ) S)μ0 ・ (A.2.7) 
We can obtain the value of the rnagnetic rnornent by substituting Equation 
(A.2.7) for μin Equation (A.2.1) as follows: 
μsp = j ( g{ -:t 告書)的 for j = 1 -:t1 /2 (A.2.8) 
When we use the free nucleon values of gl and gs, as shown in Equation 
(A.2 .4)， μsp in Equation (A.2.8) gives the Schrnidt line corresponding to 
j=l+ 1/2 or j=l-l /2. It can be seen from Fig. A.2.1 that alrnost al of the nuclear 
rnagnetic rnornents that have already been rneasured are distributed within 
Schrnidt lines. We therefore agree that the single particle rnode1 works well 
as a Oth order approxirnation. 
A.2.3 First-order configuration-rnixing 
From Fig. A.2.1 , it can be seen that there are significant disαepancies 
between the experirnental values and the Schrnidt values. The reason for 
these discrepancies, which we first point out, is that the one-body nuclear 
potential can not cornpletely describe the actual nucleus. We therefore 
introduce the residual interaction as a perturbation to the one-body nuclear 
potential, as shown in the following Harniltonian: 
3e = :fecore + 島p + V. (A.2.9) 
Here，為p is the single-particle potential and V is the residual interaction. 
Further, the wave function of the nucleus can be written as a linear 










1/2 7/2 3/2 5/2 
I 
where Ca indicates the amplitude for each basis vector. 
Substituting Equations (A.2.9) and (A.2.10) for φ1 and 3'f,. in Equa tions 
(A.2.5), we obtain 
エ<仇 I v I 仇 >ci = ( Eb-?sp ) Cb2 (A.2.11) 
where Eb is the remaining value after reducing the energy of the core from 
the total unit energy (E); ε'sp is the single-particle energy. After diagonalizing 
the rnatrix くゆ Iv I rþ> , we obtain the energy eigenvalues (Eb-黌p) and 
amplitudes (Cb'S) of the wave functions. 
There are two ways to determine the wave function and energy 
eigenvalues: 




1/2 3/2 5/2 
I 
(ε'sp) ' 
(i) To give the parameters in V by X2 fitting to the actual energy levels 
as energy eigenvalues (Eb ーらが. (The residual interaction determined by 
this rnethod is called the "effective residual interaction".) 
Using the wave functions given by either (i) or (ii), we can calculate the 
magnetic moments. The operator of the magnetic mornent in Equation 
Fig. A.2.1 Magnetic moments of odd-proton nuclei (left) and odd-neutron 
nuclei (right). Solid lines are the Schmidt values and the dashed line is value 
for Dirac nucleons. 
(A.2.3) may be changed to 
A 
μ=仰ヱ (glli+ gsi Si ) 
i=Ac+l 
(A.2.12) 
where the core is filled up with Ac nucleons. Equation (A.2.12) shows that 
only the nucleons out of the core contribute to the magnetic moment. The 
effective g-factors (gl and gs) can have different values for different orbitals. In 
order to obtain good visibility, we assume that the g-factors have the same 
values for different orbitals. The moment operator can thus be written as 
A 





By considering first-order configuration-mixing, Brown et al. could 
calculate the magnetic moments of the sd-shell mirror nuclei (BR83). 5imilar 
calculations have also been performed for p-shell (C065). The predictions 
and the experimental moments are shown in Fig. A.2.2. In this figure , the 
fullline indicates the calculated values from Equation (A.2.8). It is shown 
that agreement between the experimental and calculated values can be 
improved by considering of the first-order configuration mixing. 
A.2.4 Exchange currents and core polarization 
It is shown in the previous section that the experimental magnetic 
moments can be reproduced rather well by considering the first-order 
configuration-mixing. However, there stil remain discrepancies between the 
calculated and experimen tal values. In particular, the discrepancies for A = 17 
and A=39 nuclet which are the first and last nuclei in the sd-shell, are not 
explained at all. These discrepancies indicate that other corrections beyond 
the first-order configuration-mixing are necessary. Until now, it has been 
found that these discrepancies can be explained dramatically by second-order 
configuration-mixing, the meson exchange currents which include 1 isobar 
effects and the cross term between them (T083) (AR88). 
Considering the exchange currents, we must change the operator of the 
magnetic moment to 
μ=μfree + μex , (A.2.14) 
where μfree is the operator previously defined in Equation (A.2.3) , and μex is 
the contribution from newly introduced exchange currents. The exchange 
current contribution (μex)can be written as 
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Fig. A.2.2 Comparison of normalized experimental values of the isoscalar and 
isovector magnetic moments (15M1 and IVM1 , respectively) for the mirror 
ground states of A = 17 -39 nuclei with predictions of mixed四configuration sdｭ
shell model wave functions. The solid lines are obtained with single-particle 
matrix elements set to the free-nucleon values, while the dashed lines are 
obtained with single-particle matrix elements set to the "final-fit" values of 
the present study. (BR83) 
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where μSach is the contribution from tw仕body exchange currents and μint is 
the intrinsic part. μSach can be wri tten as 
μSach = M [ R xj ex( q = 0 ) ] , (A.2.16) 
where R is the distance between two nucleons and M is the nucleon mass. 
We thus obtain the correction to the magnetic moments due to the meson 
effect, w hich can be wri tten as 
8μex = <仇 |μα| 仇>. (A.2.1η 
Here, ﾘn is the wave function of the single-particle model. 
The correction due to second-order configuration-mixing can be 
obtained by second-order per札ubation-theory; the following equation has 
been obtained: 
8μcm = < ﾘn' I v占的ee占vl 仇〉
-fJ2 < 仇， Iμ介-ee l ゆn> , (A.2.18) 
where :Jeo is the kinetic energy operator, V the residual interaction and Q the 
objection operator. ﾟ can be 0btained using 
F=j{< 仇， I v(EnL2V I ﾘn'> 
+く川 V(Eni勾 )2 V I レ) (A.2.19) 
The correction d ue to the cross term between μex and the second-order 
configuration-mixing is given by 
ﾕJ.1cr = < ﾘn' Iμex ( En 九%)2 v I ﾘn> 
+<仇 I V (En' ~均 )2μαI ﾘn > (A.2.20) 
8μex， Õμcm and Õμcr indicate the deviation from the single-particle 
values. The resultant deviation of the magnetic moment of the Schmidt 
value can be written in terms of the following equation using the effective 
operators: 
A.12 
õ<μα>i = < { Õglαq + õgsαi S + ?po.i [ Y x s ] } 0α> ， 
where α= 0, 1; 。(0)= 1，び1) =τ 1 = ex, cm, cr . (A.2.21) 
Above, gl, gs and gp are the orbital, spin and tensor g-factors. The features of 
this equation are that the tensor term has been introduced and al1 corrections 
in the g-factor are gi ven as deviations from free-nuc1eon values. 
These precise calculations were performed in doubly closed shells :t1 
nucleon nuclei. The magnetic moment extracted from the above calculations 
are listed in Table 6.2 (T083)(AR88). 百1e ?isobar effects and the cross term 
inc1ude the term "ex" in this table. Independent calculations by References 
(T083) and (AR88) gave similar values. Although either the corrections from 
the exchange currents or second-order configuration-mixing are too large to 
explain the experimental value, it becomes closer in many cases by summing 
both effects. 
The effective g-factors, which summed contributions from exchange 
currents, the configuration mixing and their cross term, are almost the same 
values for A = 15, 17, 39 and 41. These effective g-factors are almost the same 
as those deduced by a shell-model calculation in the sd-shell by Brown et al. 
As already mentioned in the previous section, in the sd-shell Brown et al. 
performed calculations of the magnetic moments while considering first-
order configuration-mixing. Instead of calculating the second-order effects, 
they also obtained effective g-factors by fitting the moment to the 
experimental values (BR83). This consistency suggests that effects beyond 
first-order configuration-mixing, i.e., exchange currents and the second-order 
configuration-mixing, are almost of the same magnitude in the same shell. 
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A.2.5 Relativistic and quark models 
We were able to explain magnetic rnoments quantitatively by 
introducing exchange currents and second-order configuration-mixing. 
However, there are some dissatisfactions. One is that a1 of the calculations 
mentioned above are in the non-relativistic framework. Since we know that 
the nucleons inside a nucleus are moving with the Fermi momentum, we 
need a relativistic framework in order to treat their motion more precisely. 
The other is that the calculations mentioned above don't reflect the quark's 
degrees of freedom, of which nucleons consist. Thus, in the more 
sophisticated nuclear models, relativistic models and quark models have 
been investigated vigorously in recent years. However, they have not until 
now succeeded in reproducing the observed magnetic moments. In the 
following sections, such ca1culations and recent results are introduced. 
(a) Relativistic models 
The relativistic motion of the nuclei inside a nucleus can be described 
by the following Dirac equation, 
[α p + ﾟM + V(r)] φ(r) = E <P(r) , (A.2.22) 
where αand ﾟ  are the Dirac rnatrix elements, M is the mass of the nucleon 
and V is the effective potential. Assuming an effective potential, the Dirac 
equation (A.2.22) can be solved to give the single-particle wave function 
(OH73) (NE89). The operator of the magnetic momen也 is given by 
μ = yoMr x α + Yaß σ ， (A.2.23) 
where Yo and ηindicate the Dirac moment and the anomalous moment of 
the nucleon, respectively. From the wave function and the operator, we can 
obtain relativistic effects concerning the magnetic moments (OH73) (NE89). 
A.14 
It is also important to extend this method to a calculation of the 
configuration-mixing effect. Although there have been some attempts 
(NE89), consistent relativistic calculations in complete model-space have not 
yet been realized. 
A relativistic σーωmodel became available recently (SE86), which can be 
used to well explain the features of nuclei, e.g., the binding energy. However, 
the magnetic moments calculated from the model are quite different from 
Schmidt values for doubly closed she11 11 nucleon nuclei, since the effective 
nucleon mass inside a nucleus is about 0.56 of the free-nucleon mass (B084). 
From the recent study, it was found that this model affects the spin-orbital 
currents (NI88), and induces magnetic currents (CH89); as a result, the new 
calculated values have become close to the Schmidt values. 
Until now, almost al calculations have been for doubly closed shell 11 
nuclei, owing to the simple nuclear s廿ucれue. Table A.2.1 shows results from 
recent calculations involving various relativistic models. The consistency 
between these calculated and experimental values is not very good. 
Especially, by comparing these calculations with the non-relativistic 
calculations (Table A.2.1), we find that the latter is stil better for explaining 
the experimental values. We must therefore conclude that it is too early to 
take into account the corrections from relativistic models. 
(b) Quark models 
We now believe that the basic theory of the s廿ong interaction is 
Quanturn Chromo Dynamics (QCD), in which nucleons comprise quarks and 
glueons. We may explain the features of the nucleus better in the framework 
of QCD. However, until now, it has been impossible to apply QCD directly to 
studies of the nuclear structure and nucleon-nucleon interactions. The quark 
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Isoscalar momen t (三 μ(p-odd) +μ(n-odd) ) 
A Model μnエS いr.s õr・c.m. õn. r・ex. μTot μExp. A 企/μn.r.s
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (%) 
39 OH +1.272 +1.235 +1.235 +1.414 -0.179 ー 14.1
NE + 1.948 +0.008 -0.001 +1.955 +0.541 + 42.5 
? +1.206 +1.206 -0.208 ー 16.4
41 OH +3.880 +3.757 +3.757 +3.836 ・0.079 -2.0 
NE +4.476 -0.042 ー0.074 +4.360 +0.524 + 13.5 
? +4.112 +4.112 +4.276 + 7.1 
Isovector moment (三 μ(p-odd) ・ μ(n-odd)) 
models, which have features of QCD, have therefore been used in such 
studies. There are two major models of this kind: the bag model and the 
poten tial model. The main difference in these two models is the difference in 
the way to describe the con白nementof quarks. In the bag model, 
confinement is described in terms of the bag surface, or by introducing 
another field. In the potential model, confinement is described by the 
interactions among quarks; a hadron can be described as a quark cluster in 
which quarks interact weakly with each other. These models are well 
reproduced by the observed features of a hadron. Beyond these successes, 
studies of nucleon-nucleon interactions using quark models have been 
vigorous; even calculations of the magnetic moments have been attempted. 
?? ?? ?? ?? ??
μExp. 
(nm) ?? (% ) 
The quark shell model (QSM) is based on the bag model, and starts 
from the picture that quarks moved independently in the big bag. By 
A Model ~ n.r.S μr.s ?r. C .口1. õn.r・ex. μTot 色 企/μn .r .s
introducing a pairing interaction among quarks, it is assumed to act only 
39 OH 
NE 
-1.024 ・1.079 -1 .079 ・0 . 624 ・0 .455 -44.4 
+8.283 -1.032 + 1.526 +8.777 + 1.751 + 22.7 
between quark pairs having J = T = O.The magnetic moment therefore results 
from only the contribution of one quark. In the doubly closed shell :t1 
nucleon region (A = 15, 17, 39 and 41) calculations of magnetic momen也 in
this model have been performed (AR87) (KA90). Even in the latest 
calculation results, which include the configuration mixing and ﾔ. isobar 
effects, the deviation from the Schmidt values is too large. 
The quark cluster model, another powerful method, is based on the 
potential model, and has the feature that many exchange processes occur 
among three quarks. That is, the quark cluster contributes to the magnetic 
moment as exchange currentsf as is shown in the case of πmesons (Quark 
ー0.434 +0.148 -0.664 -0.950 
? -1.090 -1.090 
-0.326 -31.8 
-0.466 ・ 45 .5
41 OH 
NE 
+7.706 +7.569 +7.569 +7.026 +0.543 + 7.0 
? +7.937 +7.937 +0.911 + 1.8 
8 三 μ-μr.s， ﾔ. ==μTot -μExp， μTot =μr・5+8rc m.+8n.r・ex. , 
OH; (OH74), NE; (NE89), CH; (CH89) 
Table A.2.1 Magnetic moments predicted by the relativistic models. 
"r." and "n.r." mean the relativistic frame and the non-relativistic frame, 
respectively. "S", "c.m." and "ex." mean the Schmidt valuef the 
configuration-mixing and the exchange currents, respecti vely. 
Exchange Currents ; QEC) (YA91). Using this model, calculations of the 
magnetic moments of A = 15, 17 and 39 were performed (YA91). From these 
A.16 A.17 
calculations, a significant contribution from the exchange current in the 
magnetic moment was found. 
Since the application of quark models to the magnetic moments has 
just started recently, it is too early to present quantitative discussions. 
However, the search for the quark degree of freedom in magnetic moments is 
very interesting and promising. 
A.2.6 Prediction values of the magnetic moment of 43Ti 
The general calculation methods for the magnetic moment are 
described in the former sections through the historical stream. In this section, 
the calculation values of the magnetic moment of 43Ti are presented. 
43Ti is one of the f7/2 mirror nuclei, and is close to the A=40 doubly 
closed shell. However, there are only a few predicted values available. One 
predicted value comes from Large-Scale Shell-model calculations; the other 
comes from the "odd nucleon model" by Buck et al. 
(a) Larg~-Scale Shell-model calculations 
By considering the first-order configuration-mixing described in 
Section A.2.3, calculations of the magnetic moment of 43Ti were performed. 
In this section, a method developed by Ogawa et al. (H087) is introduced as an 
example of this kind of caIculation. 
We consider 40Ca as being a firm core, and consider the fp-shell as being 
a model space. The number of active nucleons is therefore three. HoweverJ' 
the number of excited nucleons is limited to two, due to the limited 
caIculation ability of a computer for numerical calculations, which is called 
the 2-jump model. The configuration to consider is therefore 
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(Of7/V3 + (Of7/V2 (1P3/2, Ofs/2, 1 P1/V 1 
+ (Of7/V1 (1 P3/:?Ofs/ 2, 1 P1/V2 . ・ (A.2.24) 
No eHective interactions have been proved to exist in the fp-shell, 
unlike the case of the p-and sd-shells, due to the too large model space. We, 
therefore, just give the residual interaction through the procedure described 
in A.2.3-(i). We introduce the following residual interaction: 
く fr I V I fr >η=<ιI VKB I fr >η- 0.3(・)T
< f7/ll V I fs/i>η= 0.6<f7/i I V KB I fs/l 汁7
f: Of7/ 2, r = { lp3/2, OfS/2, lp1/2 }, (A.2.25) 
where V K8 indicates the Kuo-Brown interaction (KU68). We used the singleｭ
particle energies shown in Table A.2.2, which are based on the 40Ca exci tation 
energles. 
We solved Equation (A.2.11) using Equations (A.2.24) and (A.2.25) and 
obtain the wave function. At the same time, we obtained the wave function 
of 43Sc, which is a mirror partner of 43Ti, due to the charge symme廿Y of the 
nuclear potential. The magnetic moments of 43Ti and 43Sc can be obtained 
from the given wave function and the operator of Equation (A.2.13). If we 
omit the tensor term, the isoscalar and isovector moments are given by 
μ(0) = [gp < ヱ Lz> + gsO < エ 5z > ] / 2
and 
μ(1) = [gll < エ τlz>+gs1< 工窃z>J/2 J' (A.2.26) 
where (0) and (1) mean the isoscalar and isovector moment, respectivelyJ' and 
< L lz>, < L 5z >, <エ τlz> and <乏句z > are the matrix elements. These matrix 
elements for the orbital angular momentum and intrinsic spin are shown in 
Table A.2.3 (OG89). 
By substituting the g-factors of Equation (A.2.26) by free nucleon values, 
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tp ( Of7/2) = tn ( Of7!2 ) 
εp ( 1 P3/2) = tn ( 1 P3/2 ) 
tp ( Of5/2) = tn ( Of5/2) 
εp ( 1 Pl/2) = tn ( 1 Pl/2 ) 





we obtained the rnagnetic rnornents of 43Ti and 43Sc to be -0.7544μoand 
+4.6674μ0 ， respectively, as shown in Table A.2.4. 
Recently, other calculations based on first-order configuration-rnixing 
have been perforrned by Richter et al. (RI91). In this work, new two・body
interactions were derived for nuclei in the lower part of the fp-shell by fitting 
serni-ernpirical potential forrns and two-body rnatrix elements to 61 binding 
and excitation energy data in the rnass range 41 to 49. The shell-rnodel 
calculations assurned a 40Ca core and that valence nucleons are distributed 
over the ful fp-space. This is sirnilar to the calculation performed for the sdｭ
shell by Brown et al. (BR83), though the fitting range was lirnited. They also 
derived the effective g-factors in the fi社ing range by comparing their 
calculated results with the observations. The predicted values for the 
rnagnetic rnoments of 43Ti and 43Sc are ・0.640μo and +4.547μ0" respectively, 
with free-nucleon g-factors. If we adopt their effective g-factors, they are -0.834 
μo and +4.589μ0" respectively, to find a better agreernent with the 
experirnental values. These predicted values are surnrnarized in Table A.2.4. 
Table A.2.2 Single particle energies in Ogawa's calculation. 
Model Si盟主 particle 1'st order c.m. 1) 
<σ> + 1.00 + 1.0882 
<1> + 3.00 + 2.9557 
<τσ> -1.00 -0.8354 
<τ1 > -3.00 -1.4901 
1); (OC89) 
Table A.2.3 Theoretical matrix elernents of the A = 43 rnirror pair with the 
first order configuration rnixing effect. 
Schrnidt value 




(b) Serni-ernpirical 川Odd-Nucleon Model" 
Buck et al. paid attention to whether the nurnber of nucleons in the 
mirror nuclei is odd or even, and made the new ernpirical rnodel based on 
the rnagnetic mornents (BU83). 
They referred to the rnagnetic rnornents of odd-proton and oddｭ
neutron nuclei in the rnirror pair, as follows: 
μp = glP Lo + gsP So + gzn Le + gsn Se 

















S.M. Perez et. al (PE87) ー 0.784(52) 















the p竺民nt study (ー) 0.85 (2) and 
Table A.2.4 Cornparison of the experirnental rnagnetic rnornent of 43Ti with 
theoretical predictions. 
μn = gln Lo + gsn So + gZP Le + gsP Se I (A.2.27) 
A.20 
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where 0 and e indicate the odd and even nucleon groups, respectively. In the 
single-particle model, the rnagnetic rnornents of the rnirror nuclei are 
determined only frorn the contribution of the odd-nucleon group. Equations 
(A.2.27) thus change according to 
μp -glP J + ( g? -glP) 5。
and 
μ11 -gln J + (gsn -gZn) 50 ・ (A.2.28) 
The relationship between μP and )1n can thus be written as 
μP- αμn + ﾟJ. (A.2.29) 
Using the g-factors ( g = μ/ J ),it becornes 
gp - α gn + ﾟ . (A.2.30) 
They found a strong correlation between the experimental gp and gn 
values, so that αand ﾟ  can be universal constan包. Their results showed that 
α= -1.145(12) and that ﾟ  = +1.056(21). Using these values, they predicted 
unknown rnagnetic mornents including that of 43Ti. Their predicted value of 
the magnetic rnornent of 43Ti is ・0.784(52)μo (PE87), as shown in Table A.2.4. 
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Appendix 3. Details of the calculation for the abrasion model 
In order to calculate the production cross section and the excitation 
energy, the single-particle densities (p) shown in Equations (2.2) and (2.4) are 
necessary. As the single-particle densities we used the following Woodsｭ
Saxon type: 
〆r)=1po+ exp( ( r -R ) /α) (A.3.1) 
Here, a isthe diffuseness parameter (α=0.60 frn in the calculation ) and R and 
po are parameters, which are gi ven by sol ving 
and 
くわ= jJ2 〆r) 4π 件 dr
=お2
1=jfr)4πβ dr , 
(A.3.2.a) 
(A.3.2.b) 
where < r2 > isthe root rnean square radius and Ra is the sかcalled nuclear 
radius (Ra = 1.18 A 1/3 frn, where A is the rnass number). 
The integration ranges in Equations (2.2) and (2.4) are set according to 
the following: 
Overlap region 
o --> R + 2.0 frn 
O ー> R + 2.0 fm 
( x-axis direction ) 
( y-axis direction ) 




In the above, the overlap region is deterrnined by the impact pararneter (b). 
We can thus integrate Equations (2.2) and (2.4) for the finite irnpact 
pararneter, and thus obtain the production cross-sections (abrasion cross-
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sections) and the excitation energy of the fragments, such as those given in 
Table 5.3. 
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Appendix 4. Details of the calculation for the polarization 
In this section, the calculation of the polarization in the case of 1=2 (1dｭ
sta te) is shown in detail. 
The wave function of the 1 d-shell can be obtained from the harmonic-
oscillator potential, 
V(r)=-vo+tmω2 ，2 (A.4.1) 
Using this potential, the Shr凸dinger equation is given by 
[元 11ーすFT VZ-Vo+τ m 0)2 r2 Iφ=Eφ(A.4.2) 
φ'+-2 =ι1/4 lr3/2 (す y叶手)s川2 i f? ， 山)
φrι1/4 lr3/2 (す )2叶長) s…叫( i ゆ),… 
偽=イτ二1/4 b-3/2 (す y 吋ーすら) (co礼 1 ) , (A.4.3.c) 
Cﾞ-l =ιが川
and 
CÞ-2二品1/4b-3/2 ( ~ )2吋-手)siω(p( ー 2ifþ) (A.4.3.e) 
Here, normalization is included and b isthe oscillator parameter. 
By putting Equations (A.4.3) into Equation (2.1乃I we obtain the 
following equations: 
dσ'7 1 _ ,. 
_] I午 = 一ーでご b-3 I dz 
一一 8\/π ' 
f ~: exp( -i k x ) (日( '2 ¥2 ( 1 , " ", ¥ 三五7似仰
(A.4.4.a) 
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安= 0 , (A.4.4.b) 
安=古b-3f dz
f~去?叶iはh川kμxυ) (げ子吋y穴(子訂y似叫P (A.4.4.c) 
筈令L= 0 , ( A U d ) 
舎三=キb-3f dz
j??州ー ikx)(吋(討吋-EiT(rI2+YF) トド i 附和) ) 
(A.4.4.e) 
By using 
「 γ2 ? 
(r1 r2)2 exp( 2 i(仇ーの)) = I z2 ・云 + 502 -50 X i I 








Furthermore, by Fourier transforming Equation (A.4.6) we obtain 
dσ.， / k2 ¥ r / d 、2 / d ,4l 
dk-= C 2 expl-2 ) 1 3 + 2la 十五百 -k)+(a+古 - k ) 1. (A.4η 
(α+去-k f=(バ )2-1 
A.26 
and 
(d y a + k -k ) = (a -k)4 -6 ( a-k )2 + 3 , 
Equation (A.4.ηchanges to 
dσ.1 / k2 , 
dk-= C2 exp( -2 ) [ ( k -a)2 ・ 2 ]2 (A.4.8) 




dσ:""1 / k2 '¥ 
dk ~ = C2 exp[ -2 ) [ (k+ α)2 ・ 2 ]2 (A.4.9) 





dk-= dkv = 0 , (A.4.11.d) 
32 5n4 
N= 一一 C? ----i'T- and 3 L.2 b4 dllU r fgｭ一-b2 
(A.4.10) 
Summing these cross-sections, we obtain Equation (2.18). Further, by using 
Equations (A.4.1) and (2.18) we obtain the polarization of the 1d-state as 
shown in Equation (2.19). 
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Appendix 5 Flow chart of the program used in 
particle identification. 
Appendix 6 Flow chart of the program used in ﾟ-NMR 
A (a) foreground / (b) background program flow of the KODAQ 



























































































Flow chart of the part written in the machine language. 
( Loop-number for temporary saving is M in the program. ) 
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